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EXECUTIVE SUMMARY 

S t a t e- o f - t h e - a r t  ele c t r on i c  J)J'Oducts are  esse ntial to  
the  nation's security. Increasingly, production of  these 
electronic assemblies will require the use of automated 
manufacturing to make affordable, high quality, functional
ly superior electronic assemblies or subassemblies quickly 
and in small volumes, and to change quickly from product 
to p roduct. To help  U.S. industry gain the technical 
capabilities necessary to provide this, the Department of 
D e fense (DOD)  asked the National Research Cou ncil's 
Ma nufactu r i n g  S tudies  Board to i dentify new assembly 
manufacturing technologies that are essential for the U.S. 
defense supply. 

T h e  P a n e l  o n  S t ra t e g i c  Elec t r o n i c s  Ma n u f a c t u r i n g  
Technologies, formed b y  the Board t o  conduct this project, 
selected three  i ndicators  that  a technology should be 
given special attention by t he U.S. defense community.  
These are: 

• E s se n t i al i t y - - t e c h n o l o g i e s  a b solu t el y  essen tial  to 
produci ng affordable,  functionally superior  electronic 
assemblies, by definition, deserve attention. 

• B a r r i e r s - - t e c h n ol o g i e s  f ac i n g  m a j o r  b a r r i e r s  to  
their development are  likely to be  beyond the capabilities 
of  a s ingle company and therefore to require outside 
support. 

• World leadership--technologies in which the United 
States most seriously lags foreign developments are most 
likely to threaten our ability to compete in world-class 
electronics assembly manufacturing. 

The Panel developed a list of candidate technologies 
a n d  c o n s i d e r e d  t h e i r  a p p l i c a t ion to se v en f a c to r y  
functions: 

Copyright © National Academy of Sciences. All rights reserved.
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• requirements and specifications, 
• design, 
• acqu isi t ion and usc of externally acqui red com-

ponents, 
• fabrication, 
• assembly, 
• test of product and process, and 
• field support. 

On the basis of its own experience and questionnaire 
r e s po nses received f rom electronics exper ts, the Panel 
rated the 30 technological applications that seemed most 
likely to be important to the U.S. defense community on 
e ss e n t i al i t y , t ech n i cal a n d  n o n t e c h n i c al b a r r i e rs ,  a n d  
U.S. position. The Panel then defined a Criticality Index 
as t h e  p roduct  of t he three numerical factors. Any 
technology that ra tes high on all three factors is ,  by 
this calculation, critical to the U.S. defense community. 

CRITICAL TECHNOLOGIES 

Six technologies emerged as being most critical. 
are: 

• automated statistical process control, 
• automation equipment technologies, 
• factory system integration, 
• modeling and simulation, 
• design automation tools, and 
• electronic packaging and interconnect technology, 

They 

in that order. The three most critical technologies and 
their  implica t i ons for the Department  of  Defense a rc 
described below. 

1. Automated Statistical Process Control 

Control of each process step, and in particular auto
matic process control in real time, is essential to auto
mating manufacturing processes. The rate of production of 
au tomated facto ries · is too h i gh to allow waiting for 
product test and evaluation to be completed before making 
in-line process adjustments. The amount of scrap produced 
between the time the process goes out of its limits and 
corrective action is taken is simply uneconomical. I n  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

T h e  F u t u r e  o f  E l e c t r o n i c s  A s s e m b l y
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 1 3 2
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addit ion, close control of  individ ual steps in complex 
pro d u c t  f a br i c a t i on s e q u e n ces is  crucial to achieving  
acceptable overall product yields. 

Leading U.S. companies arc as good as other world 
leaders at process control, but they provide only a small 
part of defense production. The vast majority of U.S. 
electronics companies. arc four to five years behind their 
fore ign competi tors,  particularly Japanese companies, in 
the practice of manufacturing process control. 

More technical work is needed to achieve automated 
s ta t is t ical process control, but  the greatest  b arrier to  
i t s  widespread usc in this country i s  that many managers 
believe it is not necessary. Most managers believe that 
they already exert good control over production processes, 
but they rarely do. To many, control means the ability to 
find and correct faulty products rather than faulty pro
cesses. Further, the number of U.S. technical personnel 
competent  in manufacturing process control falls w ell 
short of current needs. 

Control of a process requires thorough understanding of 
all factors affecting process results, and a solution to 
the problem in one environment rarely can be transferred 
to another. Each process requires the investment of time 
and attention to master the level of detail needed to 
control i t .  The costs of achieving this  mastery arc 
high--but so arc the potential benefits. 

Al though  some t e c h n ical barriers hinder automated 
c o n trol o f  processes  i n  electronics assembly factories  
( se n s or t e c hnology i s  part icularl y l a c k i n g ) ,  they arc 
minor compared to the gap between technical knowledge and 
m a n u f a c t ur i n g  pra ct ice .  The challenge for the U.S. 
electron ics  ma nu facturing communi ty  i s  to  t ackle t h e  
management  concerns that arc preventing process control 
from being more widely used. 

T he  Departme n t  of Defense has already ta ken an 
important step in that direction by highlighting the usc 
of statistical process control (SPC) in its manufacturing 
requirements, but that  is still a relatively weak incen
tive. Japanese firms that arc SPC leaders will soon be 
competitors of U.S. defense contractors; that alone should 
be a strong incentive to speed U.S. utilization of these 
methods. 

l. Automation Equipment Technologies 

Automation equipment technologies--automated tools, ro
bots, and flexible manufacturing equipment--are essential 
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to factory automation for (1) fabrication, (2) assembly, 
and (3) testing of products and processes. Proficiency in 
these technologies allows manufacturers to achieve gener
ally higher  q uali t y  at lower cost .  Higher reliabil i ty  
and reduced downtime of the  production line also depend 
on these technologies. In addition, design for manufac
t u r ab i l i t y  r e q u i r es e xp e r t ise  i n  a utomation equipment 
technologies. 

U.S. companies generally lag their foreign competitors 
in the  use of these technologies,  by up to S years .  
Despite a strong position in the software and computer 
hardware components of these tools, the United States lags 
in  the mechat ronics  ( i .e. , the technology of  computer
controlled mechanical devices) aspect of the technologies, 
especially in precision engineering. The U.S. academic 
position in this field is relatively weak, as evidenced by 
the lack of academic recognition of precision engineering 
as a u n i vers i ty  depar tment and by the generally low 
academic standing of researchers in this field. 

Automation equipment technologies are available to U.S. 
companies, but primarily from Japan. Widespread use of 
these technologies in the United States is hampered by a 
shortage o f  k nowledgeable personnel, the high cost of 
ex perimenting w ith  the  tec hnologies,  and the  lack of 
common interfaces. 

Cost is a barrier that cannot easily be overcome. The 
formation of cooperative research and development arrange
ments would benefit all participants while bringing the 
cost to an accep ta ble cost-effectiveness level for each 
company. While such consortia are not easily established 
in t h is coun t ry ,  t h e  creation of E ngineering Research 
Cen te rs ,  S e m a t e c h ,  t h e  Mi croelectronics and Computer 
Technology Corporation, and the National Center for Manu
facturing Sciences suggest that the best of U.S. industry 
is becoming better at forming cooperative arrangements. 

The United States already depends on foreign sources 
for developing key automation equipment technologies; this 
dependence can only be expected to increase. We have, 
nonetheless, a unique opportunity to support R&D in these 
technologies, which are critical in many aspects of weapon 
development as well as for automated manufacturing tools. 
Precision engineering and mechatronics, if properly sup
ported, could accelerate not only manufacturing technology 
but also the development of new products for the national 
defense. A strong emphasis on these areas, coupled with 
the U.S. s t rength in com puter tools for design, could 
change us from laggards to leaders. 
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3. latearatloa of the Total Factory System 

Total factory i ntegration includes integration of the 
product design, fabrication, factory management, and test 
operations necessary to establish a complete manufacturing 
entity. It requires the skills needed to combine all the 
pieces into a consistent,  interoperating whole. Produc
tion of affordable, functionally superior electronic assem
blies cannot be achieved without total system integration. 

The United States and Japan appear to share· world 
leadership in process integration, but i t  is a changing 
field in which either country could gain the lead. The 
cu rrent s tate  of factory system integration extends to 
i s l a n d s  o f  a u t o ma t i o n  w i t h  l i m i t e d  c o n t ro l  l i n k i ng .  
Ability to ful ly  configure individual processes remotely, 
a n e c e s s i t y  f or f u l l y  f l e x i b l e  e l e c t r o n i c s  a ss e m b l y  
automation, has not yet been satisfactorily demonstrated. 

W h i l e  m a n y  o f  t h e  technica l  p roblems of factory 
integration remain to be solved, they are not  as difficult 
as the problems of t.ime, cost, and management commitment. 
In fact, as a result of competing approaches now being 
t a k e n ,  t he p r o b a b i l i t y  o f  tec h n i c a l  su ccess i s  h i g h .  
Whether senior company management i s  able and willing to 
invest in the lengthy, expensive process of total factory 
i n tegra t i o n  d u r i ng times of f i nancial  stress, however,  
remains to be seen. 

The competing approaches are a problem as well as an 
advantage.  B ecause each of the  var ious vendors (of 
factory integration systems, hardware, and software) has a 
different systems approach, the factory integrator cannot 
invest in a single system with the assurance that it will 
prevail. Makers of individual manufacturing machines have 
ado pt e d  d i f fe r i n g  control  a nd data architectures ,  a nd 
existing interface and data base standards are inadequate 
to enable companies to integrate diverse systems. 

The Department of Defense could help overcome the 
identified technical barriers by: 

• requiring its contractors to use standards that are 
gaining broad-based acceptance in industry; 

• helping to br ing  equipment vendors and factory 
o pe r a t or s  t o g e t h e r , by r o u t i n e l y  i nv o l v i n g  lower- t ier  
contractors in such programs as  manufacturing technology 
and mobilization planning; 

• encouraging tra ining  of technical experts in this 
cro ss- d i s c i p l i n a r y  a r e a  t hrough funding  of i n tegr ative 
university-based centers; and 
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• e n c o ur a g i n g  m e a n i n g f u l  d e m o n s tra t i o n s  o f  t h e  
benefits of total factory integration, such a s  was done by 
the U.S. Air Force Materials Laboratory on a smaller scale 
with the integrated sheet metal center. 

The current U.S./Japanese parity provides an opportu
nity for the United States to benefit from a major effort 
in this area. One possibility is to construct a large, 
experimental, government-supported facility to demonstrate 
t h e  state o f  t h e  art  of e lectronics assembly factory 
a ut o m a t i o n ,  to e s t a b l i s h  i t s  be n e f its ,  a n d  to speed 
development in those areas impeding progress. Such an 
operation would make available, to  the defense and other 
domestic electronics manufacturing communities, real-world 
e x pe r i e n c e  i n  i n t egra t i n g  factory o pera t ions ,  provide  
le verag e  from a s ingle, large in vestment, and provide 
focus for small suppliers of equipment and materials. 
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1 INTRODUCTION 

The Department of Defense (DOD), as part of its 
mission to protect national security, asked the National 
Research Council's Manufacturing Studies Board to 
identify the new assembly manufacturing technologies that 
are essential for producing state-of-the-art electronic 
products. Specifically, the DOD asked the Board to: 

• identify current key technologies and anticipated 
developments during the next S to 10 years, 

• appraise the net position of the U.S. compared to 
international competitors for each of those technologies, 

• identify major technological barriers inhibiting 
progress, and 

• recommend tbose technologies on which the U.S. 
defense community (the DOD and its civilian contractors) 
could best concentrate resources to maintain or gain a 
lead in the automated manufacture of complex electronic 
assemblies. 

To conduct that project, the Board formed the Panel 
on Strategic Electronics Manufacturing Technologies, a 
part of the existing Committee on Electronics Automa
tion. From 1 985 to 1 987, that committee looked into the 
procedural and technical changes that would maximize the 
benefits to the Department of Defense from the automated 
manufacture of complex electronic equipment such as 
communications security systems. 

FRAMEWORK FOR CONSIDERING 
ELECTRONICS MANUFACTURING TECHNOLOGIES 

The Department of Defense used the diagram of a fac
tory shown in Figure 1 - 1  to describe the location where 
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Flaure 1-1. FACTORY FOR AUTOMATED PRODUCTION OF 
ELECTRONIC ASSEMBLIES 
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automated manufacturing will be applied. The products 
of this factory arc electronic assemblies at the device 
or system level, with high-variety, low-volume produc
tion. The Panel focused on the technologies that arc 
essential to enable the factory to produce affordable, 
functionally superior electronic products. 

The Panel defined manufacturing broadly, to include 
not just production processes, but all the steps from 
requirements definition through support of the product in 
the field. These manufacturing functions can be divided 
as follows: 

• requirements and specifications, 
• design, 
• acquisition and usc of externally acquired compo-

nents, 
• fabrication, 
• assembly, 
• test of product and process, and 
• field support. 

The trend toward computer-integrated manufacturing 
means that companies arc moving toward greater real-time 
interaction among these functions. The Panel addressed 
these functions separately, but also addressed the 
integration of functions. 

The Panel compiled an initial list of 32 candidate 
technologies, shown in Figure 1 -2, that arc likely to be 
important for automated electronic assembly. The Panel 
then reduced the list to 1 1  technologies that were 
considered absolutely essential to produce affordable, 
functionally superior electronic products or systems. 
These 1 1  technologies were addressed in detail. 

The 1 1  key technologies and the 7 factory functions 
listed above formed a matrix of potential Key Technologi
cal Applications, shown in Figure 1 -3. The Panel then 
applied the •absolutely essential• criterion a second 
time to select the key technological applications--that 
is, technologies that arc essential to achieving auto
mation for particular manufacturing functions. The 30 
applications that resulted from this two-step selection 
process arc identified in Figure 1-3 by boxed numbers. 
The· first one, for example, reflects the Panel's judgment 
that design automation tools applied to the requirements 
and specifications function will be essential to the pro
duction of affordable, functionally superior electronic 
products. 
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Flpre 1-2. INITIAL LIST OF IMPORTANT TECHNOLOGIES FOR 
AUTOMATED ELECTRON IC ASSEMBLY 
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Figure 1-3. MATRIX OF KEY TECHNOLOGICAL APPLICATIONS 
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These 3 0  key technological applications are described 
in detail in Appendix A. For each application, the appen
dix lists the current status and anticipated developments 
within the next S and within the next 10 years. 

COMMITTEE PROCEDURE 

The Panel used the 30 key technological applications 
as the basis for a questionnaire that was sent to experts 
in automated manufacturing technologies in the electron
ics industry. A sample page from the questionnaire is 
shown in Figure 1 -4. The questionnaire devoted a page 
to each of the 30 applications, and respondents were 
asked to fill out the pages in areas about which they had 
knowledge. 

While most of the respondents were from the electron
ics industry, responses were also received from federal 
a g e n c ies  and from uni versities. Sixty quest ionnaires 
were sent, and 26 responses received. Most of the re
sponses reflected the work of more than one person. The 
Panel members used the responses to supplement their own 
knowledge in developing the findings presented in the 
remainder of this report. 

ORGANIZATION OF THE REPORT 

The Panel  has  organ ized its f indings  to p resent 
d i fferent level s of aggregat ion. Chapter 2 rates the 
importance, net U.S. position, and technical and nontech
n ic a l  b a r r i e rs of the  30 technologica l  a pp l i c a t i o n s; 
these  r a t i n g s  a r e  used to ident ify  the technologica l 
applications that are most critical to the defense commu
nity.  The chapter provides the Panel's basic findings 
about where the DOD should place its emphasis. 

Chapter 3 addresses some broad issues affecting the 
ability of the U.S. defense community to use automated 
manufacturing technologies for electronics assembly. It 
describes where world leadership in the technologies is 
located and suggests some nontechnical barriers that, if 
ad dressed, offer  o pportuni t ies to achieve or  maintain 
world leadership in the manufacturing technology used for 
defense products. 

Chapter 4 provides additional detail on six groups of 
technological  a pplications that the Panel found to be 
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Flaure 1-4. SAMPLE QUESTIONNAIRE PAGE 
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critical. Chapter S summarizes the Panel's findings 
and recommendations to the Department of Defense. 

In addition, three appendices provide greater detail 
on the subjects of the earlier chapters. Appendix A 
describes the current and future status of technologies. 
The questionnaire data that were used in the calculations 
arc in Appendix B. Names of leading companies and 
universities in the relevant fields arc in Appendix C. 
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2 SELECTION OF CRITICAL TECHNOLOGIES 

The 30 key technological applications around which 
the questionnaire was organized were the Panel's first 
i t e r at i on i n  n arro w i n g  t h e  d e s i g n  a n d  p r o d u c t i o n  
technologies o n  which the U.S. defense community should 
concentrate its resources. To reduce the list further, 
t h e  Panel developed a criticality index based on the 
questionnaires. 

This s in gle measure, criticality, used three factors 
that the Panel considered fundamental to decisions by the 
D e p a rtment of De fense a b o ut w hich  technologies t o  
emphasize. These factors arc: 

• essentiality--t e c h n o l o g i e s  t h at  ar c a b s o l u t e l y  
essentia l  t o  producing affordable, functionally superior 
electronic assemblies; without them DOD's needs will not 
be met; 

• barriers-- t e c h n o l o g i e s  f a c i n g  m a j o r  b a r r i e r s  
to their development arc likely to be beyond the capabili
ties of a single company and therefore likely to require 
outside support; and 

• world leadership--t e c h n o l o g i e s  i n  w h i c h  t h e  
Un ited States most seriously lags foreign developments 
arc most likely to threaten our ability to compete. 

A n umerical  ra t ing scale was developed for each 
factor, and criticality was defined as the product of the 
three factors. Any technology that rates high on all 
thrc� factors is, by our definition, critical to the U.S. 
defense community. The remainder of this chapter defines 
the factors and presents the ratings of the technological 
applications by factor, followed by their ratings on the 
criticality index. 

l S  
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ESSENTIALITY 

Questionnaire respondents were asked to rate the es
sential i ty  of the technological applications using three 
categories: a bsolutely essential  to achieving affordable 
functional superiority, very important,  or a supporting 
technology. The essentiality rating for a technological 
applica tion is the weighted average of t he responses 
given by those who described themselves as experts in 
that application, with the following weights: 

Flaure 2-1. ESSENTIALITY INDEX 
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3 WORLD COMPETITION IN 

ELECTRONICS MANUFACTURING 

AUTOMATION 

THE CHANGING BASIS FOR WORLD LEADERSHIP 

World competition in electronics assembly has changed 
dramatically during the past 1 5  years. Global leadership 
i n  t h e  m a n u f a c t u r e of l o w -c o s t ,  h i g h - p e r f o r m a n c e ,  
high-reliability hardware has passed from U.S. companies 
that virtually invented both the component and assembly 
technologies to Far Eastern companies (primarily in Japan) 
t h a t  c a me to e l e c t r o nics  manufacturing  from a very 
different perspective. 

The United States, traditionally the leader in nearly 
a l l  facets of the electronics business. built its compe
tence on developing, manufacturing, and supporting complex 
electronic systems to meet defense, industrial, and gener
al  computational demands. Until a decade ago, success in 
the world market was associated with low-volume, high-per
formance systems, w hich depended on skills in product 
development, product performance, software, and systems 
i n tegra tion.  Ma nufacturing processes were a secondary 
consideration at  best, and the benefits of volume learning 
processes  in a d i s c i p l i n e d  m a n u f a cturing environment  
eluded many electronics hardware assemblers. 

The h i g h - volume par t  of t he electronics i ndustry,  
consumer products, was regarded in the United States as  a 
s u b o r d i n a t e b us i n ess .  Ma n u f a c t u r i n g  technology  for  
electronics assembly advanced slowly in this part of the 
i nd u s t r y .  Ins tead ,  emphas i s  was p laced  on p r o d u c t  
a p peara nce and l o w  manufacturing cost,  often a t  the 
expense of manufacturing capital investment and product 
quality and reliability. 

The Japa nese and  a number of other  A sian-based 
consumer electronics man ufacturers have developed, over 

23 
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the past 35  years, a strong electronics assembly industry 
based on consumer electronics products. Beginning with 
t r a ns i s tor  r a d i o  d e v elopments  short ly  after  the i n t ro
duction of the transistor itself, these manufacturers used 
experience in manufacturing high volumes of product to 
e s t a b l i s h  a n a t io n a l  n ic h e  in t he w o r l d  e l e c t r o n i cs 
market. 

Although they were a ided by low-cost labor and a 
n u mber of other cost advantages, these volume leaders 
captured t he bulk of the world's consumer electronics 
business by emphasizing careful attention to the details 
of electronics hardware manufacturing. They overcame a 
n a t i o n a l  i m a g e  of  c h e ap,  throwaway,  low-technology  
products  t o  assume leadership in product quality, rel i
ability,  and design and yet retained low manufacturing 
costs. 

From t h e i r  e x pe r i e nce  wi t h  t ransistor rad ios, the  
Japanese moved on to  dominate the  black and white tele
vision set business, then color TV, and finally branched 
out into new video, audio, and appliance products, often 
based on developments elsewhere. At the same time, faced 
w i t h  d e te r m i ned compet i t ion  from abroad,  man y  U.S. 
consumer electronics manufacturers either moved to Asia 
t h e mselves  or  qui t  the business, often se l l ing  out to 
their Japanese competitors. 

In recent years, the technology embodied in consumer 
products has advanced substantially as products such as 
videotape recorders, compact disks, and cam-corders have 
reached the market. In many respects, the technological 
demands of some of these new products rival those of 
high-performance computational and defense hardware. As a 
result, the technologica l base of Far Eastern electronics 
hardware manufacturers has become competitive with that of 
some of the more performance-oriented electronics compa
nies in the United States and Europe. 

The difference between the Japanese and Western per
spectives on electronics is in the emphasis on manufac
turing. This difference may be increasingly important as 
technologies become s t i l l  more complex,  requiring that 
long sequences of c losely controlled fabrication processes 
be carefully managed to get even a minimal yield of 
reliable, high-performance subsystems. 

D u r i n g  t h e p a s t  s e v e r a l  years,  a few leaders in  
t h e  U.S .  e l ec t ro n i c s  i n d u stry  have  sought  to develop 
competence in high-volume manufacturing. They have done 
so t h r o u g h  major  effor t s  to i n s t i t u t e  m a n u f a c t u r i n g  
m a n ageme n t  t e c h n i ques , ·  i m p r o v e  p r o d u c t  q u a l i ty and 
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reliability, and achieve competitive costs. These leading 
companies appear to be closing the electronics assembly 
leadership gap with the Japanese; however, the remainder 
of the U.S. electronics assembly i ndustry remains in  a 
poor competitive position. 

While U.S. manufacturers have been concentrating main
ly on Japanese competitors, companies elsewhere in the Far 
East have developed aggressive native electronics assembly 
i ndustries. Korea, Taiwan, Hong Kong, and Singapore have 
based their industrial programs on the Japanese model and 
have captured the low end of the consumer electronic 
products spectrum. 

The development of the Japanese and other Far Eastern 
electronics industries teaches a clear lesson: a strong 
ci vil  electronics manufacturing base is a good way to 
develop world leadership in electronics assembly capabil
i ty--and i t  may be the best way. 

Questloaaalre Fladlaas 

The responses to the Panel's questionnaire support the 
scenario described above. The chart in Figure 3- 1 re
flects the respondents' comments on foreign competition. 
The left side of the chart shows areas in which the United 
S tates lags the competi t ion, and the right side shows 
areas in which the U.S. leads. The scale is the average 
of the experts' judgments of the number of years by which 
the United States leads or lags. 

The preponderance of experts' references were to U.S. 
or Japanese leadership in the field; few references were 
made to European work. In fact, Europe was viewed as more 
f o r mi d a b l e  t ha n  Japan for only one appl ication--data 
networking applied to design. Furthermore, references to 
both U.S. and Japanese competence in electronics assembly 
technology were mostly to broad areas of strength, whereas 
t hose to E u ro p e a n  a c complishments were general ly  to 
i sola ted areas of competence. 

Figure 3- 1 clearly shows Japanese leadership in the 
p rocess a n d  manufacturing equipment technologies, with 
the United States stronger in systems and computer-based 
t e c h n o lo g i e s . T h i s  r e f l e c t s  t h e  a n teced e n t s  of t h e  
e lect r o n i cs a ssembly  i nd u s t r ies  i n  t h o s e  cou n t r i e s  a s  
described above. 

A cri tical question is how the United States could 
b u i l d  o n  i t s  l e a d e r s h i p  i n  c o m p u t e r  a n d  s y s t e m s  
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t e c h n o lo g i es to compensate  for r e l a t i v e  w e a k n ess i n  
process and equipment technologies. 

INTERNATIONAL DIFFERENCES 

U.S. companies must change some of their practices to 
regain or retain world leadership in electronics. While 
they will  not want to slavishly copy their competitors• 
specific practices, they can learn from the successes and 
fai lures of f irms in other countries. In addi tion, an 
understanding of what underlies international differences 
s h o u l d  h e l p  U . S .  c o m p a n i es to c a p i t a l i ze on t h e ir 
strengths. 

Manufacturing excellence has become critical to com
peting successfully in many facets of the business. The 
Pa nel has ident if ied several nontechnical considerations 
that can limit success with automated manufacturing in 
electronics--but can be overcome. They arc: 

• t he status of manufacturing within companies is 
low; 

• most U.S. managers do not yet emphasize manufac
t u r i n g  as  a m e a ns of achievi n g  w orld leadership in  
electronics; 

• DOD, too, pays l ittle  a ttention to manufacturing 
but emphasizes engineering in electronics procurement; 

• defense manufacturing technology is now driven by 
c o mmercial manufacturing technology, which the United 
States has been losing to Asian countries; 

• competitive success depends on mastering not only 
t h e  h a r d  m a n u f a c t u r i n g  t e c h no l o g i e s  ( f a c i l i t i es a n d  
e q u i pm e n t )  b u t  a l so t he s o f t  technologies  (ope r a t i ng 
p r ocedu res) i nvolved i n  their use, and Asian countries 
seem to lead in the latter; 

• the Ja panese have a structural advantage because 
the U.S. electronics industry lacks vertical integration; 

• U.S. companies have little experience or skill in 
managing strategic partnerships, yet the lack of vertical 
i n t e g r a t i o n  c r e a t es a greater  need  for a l l  t y p es o f  
alliances; 

• t h e  s t r e n g t h  of t h e  U n i t e d  S t ates  is in t he 
f u nda m e n ta l s  o f  s c i e n c e  a n d  t e c h n o l o g y ,  n o t  t h e i r  
application; and 

• fur thermore,  the United States is w eak in the 
language skills that  wil l  become increasingly necessary as  
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more of the techn ical l iterat ure oriainates in other 
countries. 

T hese interre lated issues  suaaest st r at eaie s  that 
should be pursued to improve U.S. use of electronics 
automation. 

Statu of Maaafactarlaa Wlthla Co•paales 

The U.S. electronics industry has traditionally been 
driven by rese a rch a n d  development and m arketing 
functions. The manufacturing function and managers in 
charae of manufacturing activities have tended to be less 
influential than their R&D and marketing counterparts. 
Th is second-class citizenship is reflected in the career 
paths of many manufacturina managers. 

The impact or this informal class distinction within 
U.S. compa nies can best be understood by considering 
company cultures in other countries. Some traditional 
i ndustrial o raanizatio n s  of Bri tain and F r a n ce ,  for 
example, display a clear schism between an elite (senior 
manaaement and research staff) and the rest or the starr 
(includina manufacturing personnel). One's place in the 
hierarchy is determined more by educational background 
than by company performance, with less qualified workers 
be i na a s s ia n e d  t o  r ou t i n e  p r o d u c t i o n  a s s i g nm e n t s .  
Movement between the two classes is rare. 

Policy makers in such countries have indicated serious 
concerns about their ability to transfer new product and 
process technologies from the research and development 
laboratory to manufacturing status.  Further, technology 
t rans f e r  i s  c l e ar l y  impe d e d  by communica t ions a n d  
perception problems between the two classes o r  industrial 
managers and engineers. The overall poor manufacturing 
p e r f o r m a n c e o f  c o m p a n i e s  w i t h  s u c h  r i g i d  c l a s s  
d i s t i n c t ions h a s  mate r i a l l y  a f fected  t h e i r  compe ti t ive  
position in the world. 

Many l a r g e  Japanese companies, in contrast,  h a ve 
concentrated on manufacturing as their core competence. 
These companies also hire new university graduates on the 
basis  or educational background, but regardless or back
ground often expect them to serve an extended tour of duty 
in manufacturing operations before moving to more special
ized functions. As a result, managers and engineers share 
a common perspective or the importance or manufacturing 
considerat ions in e ve r y  a spect  of compa ny act ivi t ies ,  
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facilitating the transfer of products from engineering and 
des ign  into production and emphasizing manufacturing 
requirements in every phase of product life. 

In addition, several Japanese companies have formed 
manufacturing research laboratories. Their function is to 
develop manufacturing technology the same way that product 
a n d process  research deve lops techn ology for  fut ure 
businesses. These laboratories have attracted some of the 
most productive of the company's technical contributors. 

The informal structures of U.S. man ufacturing com
panics tend to lie between the European rigid speciali
zation and the Japanese common culture models. Some 
leading U.S. firms have recognized the need to improve the 
role of manufacturing in their businesses if  they arc to 
compete with world-class rivals, a nd several firms have 
c re a t e d  m a n u f a c t u r i n g  research  la boratories .  Manu
facturing must be seen as an attractive career for some of 
the brightest, most aggressive managers and engineers, on 
a par with other vocations within the company. Failure to 
achieve this  change may lead to our suffering the symptoms 
of the European class distinction problem. 

Management Attitude 

Leading U.S. firms have now realized the need to make 
fundamental changes in manufacturing status, investment, 
technology, and quality; however, many corporate managers 
arc not yet a ware of the scope or urgency of needed 
changes. Failure to understand the need for change is 
pa rt icular ly  s t rong in  the defense electronics manufac
turing industry, where the threat of foreign competition 
h a s  be e n  m i s s i n g .  · Pressure  for  short-term f ina ncial  
r e sults ,  i n e rt i a ,  and preocc u p a t i o n  w i t h  other facets  
of  the  business all  d ivert  attention from the need for 
continuous improvement in manufacturing performance. 

The i ncreasing strength of foreign firms in defense 
markets must not be underestimated, however. Countries 
that have achieved leadership by designing and manufactur
ing  other electronic products will soon turn to military 
hardware in an effort to expand available market oppor
t u n it ies. Even Japan has begun slowly to change i ts  
h i s to r i c a l  d i sregard  of mi l i tary  products  to plan for 
long-term growth of its armaments supply capability, to 
meet both internal and export market needs. 

Contrary to common perception, the level of technology 
now employed in consumer electronics products such as 
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videotape recorders, cam-corders, personal computers, and 
digital audio systems compares favorably with the general 
l evel  of elec tronics technology seen in military equip
ment. In fact, long system-development cycles and lengthy 
component qualification procedures have meant that the 
technology available in deployed U.S. military electronics 
systems lags well  beh ind that  available in commercial 
systems and consumer products. The point was documented 
in the earl ier  report of the Committee on Electronics 
Automation. 

DOD must take the lead in encouraging the management 
of its electronics hardware suppl iers to understand the 
need for world-class flexible manufacturing and to invest 
in and change their company operations accordingly. With
in the United States are companies that have successfully 
u se d  t e c h n i q u es f o r  c h a n g i n g  t r a d i t i o na l  e lectronics  
asse mbly manufacturing. Among these  techniques arc 
jus t - i n - t i me manu fact u r i n g ,  s t a t i s t ica l  process  c o ntrol, 
s i m ulat ion ,  and wel l-thought-out a pproaches t o  factory 
setup and design, scheduling, and the flexible factory. 
Use of these techniques should be a criterion in the award 
of production contracts. 

Nature of the Department of Defense Business 

T h e  d e p r e s s e d  s t a t u s  of m a n u f a c t u r i n g  in U.S .  
companies i s  currently mirrored by  the low emphasis given 
to manufacturing process development by the Department  of 
Defense. Requirements for U.S. defense electronic systems 
tend to emphasize high performance, high reliability, and 
high-technology product content. 

With  few e xceptions (such as  artillery and mortar, 
proximity, and electronic time fuzes), the volume require
ments for defense electronics are modest by the standards 
of commodity electronics manufacturing. As a result, DOD 
procurement practices emphasize good development  engi
neering practice, but are not well suited to deyeloping 
strong manufacturing competence. Cost accounting, unique 
technology, and special reliability procedures have forced 
much of this country's defense electronics manufacturing 
activity into isola ted job shops. Lessons learned from 
commercial activities under way in the same company are 
slow to be applied to military product production. 

Developme n t  of truly  eff icien t, flexi ble electronics 
manufacturing automation for defense products will proceed 
s l o w l y  u n t i l  d e f e n s e  p r o d u c t i o n  c a n  be e f f i c i e n t ly 
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combined with manufacturing o f  similar, high-volume commer
cial hardware to create a critical mass for development of 
efficient manufacturing technology and effective usc of 
lessons learned from marketplace compet ition i n  other 
products. Further, military production contracts should 
provide incentives for good manufacturing practices, in 
a d d i t i o n  to t h e  t r a d i t i o n a l  f o c u s  on e ng i n e e r i n g  
p r actice.  B y  rcqutnng the usc o f  s ta t ist ical  process 
control in some contracts, DOD has begun to provide such 
incentives. 

CIYII Technoloay Focus 

In the  p a s t  2S years ,  man y-- i f  not most--of the  
world 's  e lec tronics technol ogy deve lopme nts have been 
commercially driven; the competitive requirements of the 
c o n s u m e r ,  c o m p u t e r ,  i n d u s tr i a l ,  a n d  i n s t r u me nt a t i on 
markets have provided incentive and direction. Leadership 
i n  t h e  industr ies  t h a t  s u p po r t  e l e c tro n i cs a ssembly-
suppliers of materials, fabrication equipment, components, 
and p iece par ts--has tended to go to countries whose 
manufacturers arc volume leaders. The U.S. capabilities 
in both volume electronics hardware manufacturing and its 
supporting ind ustries ha ve lost ground to manufacturing 
competence abroad, especially Japanese companies. 

I n  m a n y  e l e ct r o n i c s  m a n u f a c t u r i n g  a re a s ,  i t  i s  
becomin g  d iff icul t  to  find competit ive U.S. sources o f  
supply for commodity components, semiconductors, materials 
such as ceramics, and high-volume manufacturing equipment 
such as pick-and-place machines for printed circuit board 
assembly. The U.S. infrastructure of the 1 950s and 1 960s 
bas been replaced by a worldwide supply base. 

OCCsh orc supply for some common, mult iple-source 
c o m mod i t y  ma te r i a ls is n o t  l i ke l y  to  be a stra tegic 
problem. Reliance on foreign producers of manufacturing 
equipment,  however, could place U.S. military electronics 
manufact urers  s e e k i n g  to automate at a disadvant age 
compared to nonnative commercial electronics assemblers 
working c losely with their counterparts in manufacturing 
equipment. 

Soft Versus Hard Technoloay 

U.S. observers of Japanese electronics manufacturing 
technology frequently comment that Japanese factories seem 
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less  modern than their U.S. counterparts,  usc s im i lar  
manufacturing processes, and yet  produce products that 
exceed U.S. equivalents in many respects: lower cost, 
h i g h e r  q u a l i t y ,  a n d  h i g h e r  r e l i a b i l i t y  a r c  o f t e n  
mentioned. Furthermore, discussions with Japanese line 
enginee rs reveal levels of knowledge of manufactur ing 
process detail uncommon in U.S. plants. 

I f  e l e c t r o n i c s  f a c t o r i e s  h a v e  c o m p a r a b l e  h a r d  
manufacturing tcchnoloay (plant facil ities, processes, and 
equipment ), yet one substantially outperforms the other, 
the difference must lie in soft technology--the manner in 
which the equipment, facility, and process arc managed. 
Much of the concern about U.S. manufacturing performance 
comes from our inability to master the relevant analyti
cal, engineering, and management procedures. Soft tech
nology is not covered in formal engineering curricula in 
colleges and universities, nor is it well treated in the 
literature. It appears to come out of a strong drive to 
master all aspects of manufacturing using all the tools at 
hand, and to push continually for incremental improvement 
in perf ormancc. 

Leading U.S. companies have begun training manufac
turing personnel  to  use analytical a nd statistical tools 
in mastering the level of detail required for competitive 
soft technology. However, the average competence in soft 
manufacturing technology in this coun try s till  substan
tially lags the Japanese competition. 

Thorough understanding and optimization of manufac
t uring l i n e  operat ions i s  just as important  in factory 
a u t o m a t i on a s  t he se lect ion and ins ta l l a t i on o f  t h e  
equipment .  Electron ics fa ctory automation must begin 
w i th manufacturing simplification and then proceed to 
selection or automated process technology and, finally, to 
integration of overall factory operations. This Panel is 
aware of numerous examples where the first step in the 
process--s i m p l i f i c a t ion-- w a s  ove rlooked in the rush to 
automate. The result is the proverbial factory that makes 
the same production · errors as it did with manual methods, 
b u t  a t  a much h i g h e r  ra te--a nd subs ta nt ia l ly  higher  
capital cost. 

Electronics manufacturing automation, to succeed, must 
begin  with complete understanding of the nonautomatcd 
process a nd its  opt imization (the soft technology); only 
then should sophisticated, hard technology be applied. 
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U.S. Vertical Dlslatelratloa 

U n l i k e  t h e  c a s e  in J a p a n ,  t h e  U . S .  e l e c tr o n i cs 
i nd ustry  i s  n o t  based o n  l a r ge ,  ver t ica l ly  organized 
enterprises. It is common in Japan to find elements of 
the  same large company group supplying materials and 
f abrication equipment to internal users who manufacture 
electronic assemblies for use in systems made and sold by 
s t i l l  other group members. The U.S. industry, in con
trast, consists of a multitude of unrelated firms acting 
i ndependently .  Many of these firms, even in critical 
supply areas, can be quite small and are frequently new 
ventures. 

Smallness has advantages: small companies may be fast 
at getting products to the marketplace and tend to attract 
highly motivated personnel. However, small firms fre
quently lack the resources needed to see major equipment 
or process developments to completion. They also may 
h a ve difficul ty  developing the close relationships w ith 
customers necessary to understand user needs completely. 

The weakest link in the industrial chain that supports 
the U.S. capability in electronics assembly manufacturing 
i nvolves suppl iers of automated manufacturing equipment. 
T h i s  w e ak ness includes both the inabi l i ty  of cr i t ical  
s m a l l  s u p p l i ers  to s u s t a i n  their  competi t ive  posi tions 
over the long haul and communications difficulties between 
manufacturers and equipment suppliers. 

The Department of Defense can help alleviate these 
w e a knesses  by e n c o u r a g i n g  team arrangements  in the 
production phase of DOD electronics hardware, to  provide 
t h e  vertical  structure missing from t he U.S. industry. 
The objective of such teaming arrangements would be both 
to improve vertical communications and to sustain smaller 
firms in completing costly development efforts. 

Strate1lc: Partnerships 

P a r t nersh ips  forme d by e l e ctron ics  ma n u fac t u r i n g  
c o m p a n i e s  t o  a c hi e v e  common s t r a t e g i c  g o a l s  a r e  a 
comparatively new aspect of corporate strategies. Many 
firms, particularly smaller ones, have discovered that the 
competence or investment required to develop or expand 
their electronics businesses exceeds their resources. As 
electronics technology continues to grow more complex, 
e ve n  large  corpora t ions  are r e a l i z i n g  t h a t  i m po r t a n t  
aspects of  their business operations require outside help, 
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genera l l y  i n  t h e  f o r m  o f  s trategic partnersh ips with  
companies such as suppliers, customers, or ,  increasingly, 
competitors. The form of these relationships ranges from 
simple purchasing and marketing agreements to elaborate 
i nd u s t ry c o n s o r t i a  such  as t h e  Microe lectron ics  a n d  
Computer Technology Corporation (MCC) and the National 
Center for Manufacturing Sciences. 

Wi t h i n  t h e  general ly advcrsarial  trad ition of U.S. 
business practice, management of such strategic partner· 
ships to the long-term benefit  o f  al l  parties requires 
u n usual ski l l .  Inexperience a t  partnership management 
has led to the failure of many otherwise well-conceived 
alliances to advance electronics manufacturing. 

The Depa rtmen t of Defense,  by encou raging  team 
approaches to large systems and technology development 
c o n t r a cts ,  h a s  h e l p ed es tab l ish the  partners h i p  e t hic  
a mo n g  s y s t e m s  s up p l i ers .  S i mi l a r  e ncourageme n t  in  
el ectronics manufacturing procurement may help further 
develop partnership skills among electronics manufacturing 
companies. 

Experience with successful partnerships might bridge 
some of the gaps in  the  vert ical ly  dis integrated U.S. 
electronics industry. Such an outcome would make up for 
some of the adva ntages avai lable  to coun tries having 
h ig h l y  i n te g r a t e d  e l ectronics  i n d u st r i e s. The r e c e n t  
e s t a b l i s h m e n t  o f  E n g i n e e r i n g  R e s e a r c h  C e n t e r s , t h e  
National Center for Manufacturing Sciences, and Scmatcch 
arc  h opeful s igns  that  U.S. industry,  universities, and 
government arc becoming progressively more able to form 
partnerships and consortia. 

Technical Skllls 

The United States continues to be preeminent in many 
fields of science and technology. Our basic research con· 
tinues to lead the world in many areas, and our university 
educational  system, part icularly at the  graduate level, 
ranks as the world's best. The number and quality of 
foreign st udents seeking admission to U.S. science and 
engineering curricula is but one indicator of the regard 
w i th which t h e  rest  of the world holds our  general 
competence in science and technology. In addition, U.S. 
corporations are highly regarded for their continuing tech· 
nical leadership in many fields, including electronics. 

U.S.  e n g i ne e r i n g  e ducat ion  is  especia l l y  s trong in 
e l e c t r ic a l  a n d  c o m p u te r  e n g i n e e r i n g ,  p a r t i c u la r l y  i n  
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fields relating to computer technology: computer applica
tions, software, and systems engineering skills arc areas 
of strength in depth. 

Translation of this overall leadership in science and 
technology into industrial leadership in automated elec
tronics manufacturing is a different kind of problem. Our 
abi l i ty  to educate research and developme n t  engineers 
exceeds our ability to train manufacturing engineers and 
support technicians in a number of critical fields. This 
is  a problem both in the educational system and in company 
indoctrination and continuing education programs. 

Substant ia l  i mprovement is needed in training pro
fessional managers for manufacturing assignments and in 
attracting some of the best university students to manu
facturing careers. Raising the status of manufacturing 
professionals within firms would help solve this problem. 
Both engineering and business school curricula must also 
be examined, however, to determine how best to meet 
occupational needs in manufacturing. 

One specific problem lies in t he weakness of U.S. 
e n gineering and technician education in the mechanical 
ski l ls needed for precision mechanics and manufacturing 
automation engineering. Recent U.S. concern has focused 
o n  t h e  r e l a t i v e  i mb a l a nce  in n u mbers  of e lec tr ica l  
engineers and  technicians produced by  this country and 
J a p an.  A l t h o u g h  l i t tle  a t t e n t ion  h a s  been p a i d  t o  
rela tive numbers of graduates i n  mechanical engineering, 
the problem is of a similar magnitude, as shown in the 
1 985 data below. 

Table 3-1. ENGINEERING DEGREFS GRANTED AS A PERCENT AGE 
O F  TOTAL FIRST DEGREES GRANTED BY COLLEGES AND 
UNIVERSITIES 

United States 

All engineering 1 9. 1 3% 7.85% 

Electrical engineering 5.58% 2.20% 

Mechanical engineering 4. 1 1 %  1 .70% 

SOURCE: National Science Foundation 
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One consequence of U.S. weakness in mechanics is a 
rela ted weakness in  mechatronics, or computer-controlled 
m e c ha n i s ms .  T h i s  f i e l d  requires s imultaneous under
standing of computer science and mechanics. The United 
States is strong in the former but not the latter. An 
almost systematic neglect of mechanical design has hurt 
the country's ability to develop and use mechatronics. 

Despite emphasis in this new discipline in countries 
that compete with the United States, no U.S. engineering 
schools have established curricula leading to degrees in 
mechatronics. In Japan, for example, 20 to 2S univer
s i t i e s  g ra n t  d e gr e e s  ( in c l u d i n g  P h . D. s )  i n  p r e c i s i on 
e ng i n e e r i n g  o r  r e l a t e d  f i e l d s ,  w h i c h  a r e  e s se n t i a l l y  
mechatronics. A s  a result, a number o f  U.S. electronics 
companies now rely on offshore engineering skills to make 
up f o r  the inabi l i t y  to h i re U.S. en gineers in these 
areas. Other tradi tionally l ow-technology facets of the 
electronics industry, such as packaging, generally do not 
receive emphasis eithe�:. 

The shortage of educated manufacturing personnel in 
the United States extends to the factory floor. Not only 
is manufacturing engineering talent more readily available 
in Japan, but so are low-cost factory workers who are able 
to do increasingly complex production jobs reliably and 
well. To compete with low-cost, high-quality labor, the 
U.S. man ufacturing sector will need a major education 
effort at all levels. 

Language Skllls 

Other countries, as they were rising to challenge U.S. 
l eaders h ip i n  e l ec t r o n i cs,  relied heavi ly  on the open 
technical l iterature available from U.S. sources i n  the 
Engl ish language. Most educated electronics professionals 
abroad are trained in English, if only at the reading 
l e v e l ,  so a s  t o  be a b l e  t o  r e a d  t h e  i n t e r n a t i o n a l  
literature. 

As non-English speaking countr ies, particularly those 
in Asia, become leaders in electronics, however, we will 
be u n a b l e  to rec iprocate  in our  a w a r e ness  of the ir 
technical publications since our technical staffs lack the 
necessary language skills. Yet the emphasis placed by 
U . S .  s c h o o l s  on s t u d y  of l a n g ua g e s  h a v i n g  s i z a b l e  
technical literatures has been steadily decreasing. 

Reliance on document translation is a poor substitute 
for stare language competence, since the delays inherent 

Copyright © National Academy of Sciences. All rights reserved.

The Future of Electronics Assembly
http://www.nap.edu/catalog.php?record_id=19132

http://www.nap.edu/catalog.php?record_id=19132


37 

in obtaining a good translation and the loss of context 
significantly lessen overall understanding. 

CONCLUSION 

An effective U.S. response to the rapidly changing 
world competit ive situation in  electronics assembly auto
mation requires more than a strictly technical approach to 
the problem. Issues addressed in this chapter are matters 
of policy and management of our national manufacturing 
capability, not isolated technological developments. Many 
of these issues form part or the culture of the enter
prises that make up the electronics manufacturing base in 
th is  country. S uccess at adopting modern electronics 
automation technology will depend in part on the ability 
to change our industrial manufacturing culture. 

With the development of strong international competi
tion in consumer electronics, manufacturing technology has 
become an important factor in establishing world electron
ics dominance. U.S. consumer electronics manufacturers 
have  been notably unsuccessful at  meeting Asian chal
lenges, partly because or their inability to master the 
ma n u facturi n g  aspects o f  their businesses. Companies' 
inability to adapt their cultures to meet new competitive 
man ufacturing standards has caused the loss of much of the 
U.S. consumer electronics industry to offshore suppliers. 

The Department of Defense's action plan for enhancing 
the U.S. electronics manufacturing base must include steps 
to encourage development of a competitive manufacturing 
c l i mate ,  as w e l l  as a d d r essi n g  t h e  s pecific  tech n ical 
issues identified in subsequent chapters of this report. 
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4 SIX KEY TECH NOLOG IES 

As the Panel looked further into the 30 key techno
logical applications identified in Figure 1 -3, six groups 
emerged as focal points as the defense community works to
ward the factory Cor automated production of electronics 
assemblies shown in Figure 1 - 1 .  These six technologies 
account Cor 20 or the 30 appl icat ions, as follows (in 
numerical order): 

Design Automation Tools ( 1 ,  2, 3, 4) 
Modeling and Simulation ( 1 4, 1 5, 1 6, 1 7) 
Process Control ( 1 8, 1 9, 20) 
Electronic Packaging and Interconnection (2 1 )  
Automation Equipment Technologies (22, 23, 24) 
Factory System Integration (25, 26, 27, 28, 29) 

The six technologies account Cor all or the 30 appli
ca tions that had a criticality index or 8 or greater, 
plus some rela ted technological applications that scored 
lower. The 10 applications not included Call into two 
ca tegories.  The f irs t, applications 5 t hrough 1 3, is 
information handling and processing technologies in which 
the United States has both a comfortable lead and more 
t e c h n o l o g y  a va i l  a blc than has  been appl ied;  fur ther, 
these technologies arc not as important to the production 
or s tate-or -the-art electronic assemblies as some or the 
other technologies. The second, application 30, is human 
factors. Human factors arc fundamental to overcoming the 
barriers  to technological  applicatio ns, as descr ibed in 
Chapter 3, but they arc not a technology as such. 

The P a n e l  a n a lyzed t h e  s ix  key technologies in  
detail. That analysis Corms the remainder or this chap
ter. The technologies arc presented in order or relative 
importance, as indicated by the criticality index and the 
Panel's judgment. The order is: 

38 
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• Process Control 
• Automation Equipment Technologies 
• Factory System Integration 
• Modeling and Simulation 
• Design Automation Tools 
• Electronic Packaging and Interconnect Technology 

Placement ncar the bottom of this list docs not mean 
that the technology is n ot important.  All of these 
technologies were found to be critical to the defense 
community,  outranking many technologies that arc not 
listed here. For each of the six technologies, we give: 

• Definition 
• Importance 
• U.S. Position 
• Barriers 
• Opportunities 
• Implications for the Defense Community 

PROCESS CONTROL 

Deflaltloa 

Process control in a manufacturing environment con
sists of the management of individual fabrication steps 
to assure consistent, controllable results within process 
specificat ions and tolerances. Process control includes 
both the monitoring of process results and the process 
adjustment to bring out-of-tolerance processes back under 
control .  In man y  process control activit ies statistical 
methods play a n  important role in simplifying complex 
control problems. 

Process control procedures regulate measurable pro
cess parameters according to established criteria, often 
including ( I )  process average, (2) upper and lower con
trol limits, and (3) upper and lower process stop limits. 

lmportaace of Process Coatrol 

·co n t rol  of e a c h  p rocess  s t ep,  a n d  in particular 
automatic process control in real time, is essential to 
automating manufacturing processes. The rate of produc
tion of automated factories is too high to allow waiting 
for product test and evaluation to be completed before 
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making in-line process adjustments. The amount of scrap 
produced between the time the process goes out of its 
l imits and correcti ve action is taken is simply uneco
nomical. In addition, close control of individual steps 
in complex product fabrication sequences is crucial to 
achieving acceptable overall product yields. 

Rigorous process control discipline carries with it 
numerous collateral benefits: 

• assurance t ha t  each manufactur ing  process step 
a c h i e v e s  d e s i r e d  r e s u l t s ,  c o n s i s t e n t  w i t h  d e s i g n 
parameters; 

• a s s u r a n ce o f  q u a l i t y  and cons is tency in both 
design and production of the product; 

• application to both h igh- and low-volume pro
duction; 

• speedy diagnosis of line problems with minimum 
production disruption; 

• effective manufacturing cost control; 
• process history for future field failure analysis; 
• minimization of product rework; 
• lead indicator  for new process and equipment 

needs; and 
• facilitation of communication between engineering 

and manufacturing. 

U.S. Posltloa Ia Process Coatrol 

Questionnaire respondents said, and the Panel agreed, 
that U.S. electronics assembly manufacturers lagged their 
Japanese counterparts by approximately three years. This 
s tat is t ic conceals wide variat ion.  While leading U.S. 
companies arc as good as other world leaders at process 
control, there arc very few of them. The vast majority 
of  U.S. electronics compan ies arc four to five years  
behind in the practice of manufacturing process control. 

The status of process control technology in specific 
work centers in the U.S. electronics industry is shown in 
Table 4- l .  

Barriers to Use o f  Process Coatrol 

Questionnaire respondents gave automated statistical 
process control a technical barrier rating of 2.6 and a 
nontechnical barrier rating of 3 .0, on a scale of 4.0 
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Table 4-1.  AVAILABILITY O F  PROCESS CONTROL 

Work Center 

Fabrication/Machine Shop 
Printed Circuit Fabrication 
Printed Circuit Assembly 
Subassembly 
Wire Wrap 
Cabling 
Final Assembly 
Test 
Microelectronics 

Anllablllty of 
Automated Process Control 

available 
available 
limited 
none 
none 
none 
none 
limited 
limited 

(4.0 • most difficult). The major barriers to effective 
manufacturing process control are cultural, though more 
technical work is also needed. The barriers follow: 

• Most managers believe that they already exert good 
control  over production processes, but they rarely do. 
To many, control means the ability to find and correct 
faulty products rather than faulty processes. Failure to 
u n d ers tand t he f u l l  payoff possible  has l imited the 
management commitment and motivation to sec installation 
of a rigorous process control discipline. 

• While  the  n u m b e r  of U.S. tec hnical  person nel 
competent in man ufacturing process control falls well 
short of current needs, the technical training needed for 
existing factory staffs to exert good process control is 
not difficult to provide. Courses and consulting help 
arc widely available and not time-consuming in relation 
to benefits to be realized. 

• The number and variety of process steps incor
porated in an electronics assembly factory demand that a 
variety of process control methods and data collection 
tasks be mastered. The exact nature of these tasks 
varies with the particular fabrication sequence. 

• S e n s o r s  a r c  the  grea tes t  t e c h n i c a l  b a r r i e r  t o  
automated process control. For many electronics assembly 
steps, dev ices capable of automatica lly sensing  in-line 
process resu l t s  ha vc not been developed. Al though 
specific computer applications hardware and software arc 
not currently available for real- time statistical process 
c o n t r o l  of i n t e r a c t i n g  p r ocesses ,  U.S.  computer  a n d  
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control expertise is more than sufficient to handle such 
data, once sensed. Development of in-line monitoring 
instrumentation and of control algorithms for optimizing 
specific processes will reduce the technical barriers. 

• Con trol of a process requ ires thorough under
standing of all  factors affecting process results. Each 
process requires the investment of time and attention to  
master the level of  detail needed to control i t .  The 
costs of doing this are high. 

Opportualtles to Beaeflt from Process Coatrol 

T h e  p o t en t i a l  b e n e f i t s  of good factory  process  
control, which have been proven in practice, really arc 
manifestations of good management practice. The benefits 
are: 

cost, 
• improved product quality and reliability at lower 

• shortened manufacturing cycle times, 
• products that function as they are designed to 

function, 
• lower total life-cycle costs, 
• minimum field failure rates, and 
• scrap minimization. 

lmplicatloas for the Defease Commualty 

T h e  t e c h n i c a l  b a r r i e rs to a u tomated contro l  o f  
processes  in  electron ics assembly factories a re minor 
compared to the gap between technical knowledge and 
m a n ufacturing prac tice.  The challenge for the U.S. 
e lectronics manufacturing commu n i ty is to tackle the 
management concerns that are preventing process control 
from being more widely used. 

The Department of Defense has already taken an 
important step in that direction by highlighting the use 
of statistical process control (SPC) in its manufacturing 
r e q u i r e m e n t s ,  b u t  t h a t  is s t i l l  a r e l a t i v e l y  w e a k  
incentive. Japanese firms that lead i n  the usc o f  SPC 
wil l  soon be competi tors of U.S. defense contractors; 
that alone should be a strong incentive to speed U.S. 
utilization of these methods. 
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AUTOMATION EQUIPMENT TECHNOLOGIES 

Definition 

Automation equipment technologies comprise the group 
of technologies necessary to produce the equipment used 
in t he manufacturing process. They include automated 
t oo l s ,  robots ,  and  fle x i bl e  ma n u f a c t u r i n g  eq u i p m e n t  
(e.g., automated warehouses, automated guided vehicles). 

Importance of Automation Equipment Tec:hnoloales 

Automation equipment technologies arc essential to 
factory automation for ( I )  fabrication, (2) assembly, and 
(3) testing of products and processes. or the five basic 
components of the automated factory--machining centers, 
robots, automated guided vehicles, automated warehouse, 
and main computer center--these technologies affect the 
first four. 

Proficiency in automation equipment technologies al
lows manufacturers to achieve generally higher quality at 
lower cost. Higher reliability and reduced downtime of 
the production l ine also depend on these technologies. 
I n  a d d i t i o n ,  d e s i g n  f o r  ma n u f ac t u r a b i l i t y  r e q u ires  
expertise in automation equipment technologies. 

U.S. Position In Automation Equipment Tec:hnoloales 

The consensus of questionnaire respondents and the 
P a n e l  is t ha t  t h e  U n i t e d  S ta t e s  g e n e r a l l y  lags  i n  
automation equipment technologies by 2.5 t o  S years. The 
cou n t ry has  a s t r o n g  pos i t ion  in the  software and 
computer hardware components of these tools; the lag is 
primarily in the mcchatronics (i.e., the technology of 
computer-controlled mechanical  devices)  aspect of  the 
technologies and precision engineering. 

Wh i l e  t he f i e l d s  of mcc h a t r o n i cs a nd prec i s ion  
engineering overlap to  a large degree, the computer-con
trolled mechanism of mcchatronics might be high precision 
(as in cam-corders or high-speed printers) or it  might 
n o t · be ( a s  i n  a u to m o t i v e  a pp l i ca t io n s ) .  Prec i s ion  
engineering, w hile it often i nvolves computer controls, 
might not (as in precision optics or metrology). 

In the areas where these fields overlap, which arc so 
important to automation, the United States has cause for 
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concern. The U.S. academic position in mechanical engi
neering is relatively weak, as described in the previous 
chapter. Further, although a number or Japanese universi
ties grant advanced degrees in precision engineering, the 
U.S. academic community has yet to recognize precision 
engineering as a university department, and researchers 
in this field generally have a low academic standing. 

Barriers to Automation Equipment Technolo1ies 

The questionnaire respondents rated the barriers to 
a u to m a t i o n  e q u i p m e n t  t e c h n o l o g i e s  as i n s i g n i f ic a n t  
( t e ch n i c al difficulty  • 1 .2 ;  nontechnica l difficulty  • 

1 .5)  because the technologies arc available: U.S. compa
nies arc buying Japan's technology. Yet the barriers to 
widespread usc or automation equipment technologies in 
the United States arc significant, especially in the lack 
of available know-how, the cost of experimenting with the 
technologies, and the lack of common interfaces. 

The development of know-bow is hampered by the 
relatively unstable work force of a typical U.S. company 
compared with its Japanese counterpart. In Japan, life
time employment guarantees that training manufacturing 
engineers in advanced proprietary automation technologies 
is not only a good investment but a safe one. This has 
allowed Japan to form manufacturing research centers that 
all major companies support; these centers coexist with 
the more traditional general research centers, which arc 
also well established in the United States as components 
of all major high-technology companies. 

The lack of know-how (technical and managerial) is 
exacerbated by the lack of trained manpower and by the 
i nc r e a s i n g  t e n d e n c y  to u s c  o v e r s e a s  fa c i l i t i e s  a n d  
manufacturing plants. This trend, i n  turn, contributes 
to increased know-how in these countries and not in the 
United States; as a consequence, the introduction of new 
prod ucts  is d elayed.  Lack of cost-effective robotics 
h a r d w a r e  i s  a p r o b l e m ,  e s p ec i a l l y  f o r  l o w - v o l u m e  
production. 

The cost of experimentation with the technologies is 
a barrier that cannot easily be overcome. Consortia or 
companies, or of companies and government, could help 
s u pport the  e ffort  required, but they arc not easily 
established in this country. As noted in Chapter 3, the 
isolation of U.S. companies from each other (no vertical 
integration between machine builders and machine users) 
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is a serious barrier, and small machine tool builders arc 
risking the company each time they plan to introduce a 
new product. Furthermore, the inability of companies to 
form strategic partnersh ips that benefit  both sides is  
inhibiting the usc of consortia to overcome the lack of 
vertical integration. 

Research is needed in the areas of three-dimensional 
modeling, design-manufacturing interface standards devel
opment ,  robot- h a n d  d e ve lopment ,  ree l - to-reel  f l e x ible 
ci rcu i t  assembly  a nd test,  specific automot ive testing, 
f l e x i b l e  m a t e ria l  h a n d l i n g  sys t ems,  a n d  d a t a - d r i v e n  
inspection. 

Opportunities to Benefit from 
Automation Equipmeat Techaoloaies 

Progress in automation equipment technologies would 
permit direct dynamic rcconfiguration of the manufactur
ing line by the design tools themselves in real time. 

The formation of cooperative research and development 
arrangements would benefit all participants while making 
these technologies cost effective for each company. 

lmpllcatioas for the Defease Commuaity 

The United States already depends on foreign sources 
for d eveloping key au tomation equipment technologies; 
this dependence can only be expected to increase. There 
is, nonetheless, an opportunity to support R&D in these 
tec h n o l o gies ,  w h i ch a rc c r i tical  in ma ny aspects of  
weapon development as  well as  for automated manufacturing 
tools. Precision engineering and mcchatronics, if prop
erly supported, could accelerate not only manufacturing 
technology but also the development of new products for 
the national defense. S trong emphasis in these areas, 
coupled with U.S. strength in computer tools for design, 
could change us from laggards to leaders. A historical 
parallel is the U.S. work on · missile hardware in the 
1 960s; a l t hough be hind the Soviets, the Uni ted States 
achieved the know -how which,  coupled with  e x ist i n g  
strength i n  computers, led t o  leadership in  the space 
race. 

The coun try's  va nishing in frastructu re in precision 
engineer ing  a nd mechanics ma kes automated equipment 
technologies an important area in which to act quickly. 
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INTEGRATION OF THE TOTAL FACTORY SYSTEM 

Deflaltloa 

Total factory integration is the technology of bring
ing together all clements of the automated e lectronics 
factory .  I n tegra tion requires all s ystem design and 
consolidation skills necessary to  incorporate the product 
design, fabrication, factory management, and test opera
t i ons  necessary to  establish a complete manufacturing 
entity. 

Elements of total system integration include: 

• closed-loop automation of manufacturing processes, 
including fabrication, in-line test, and process control; 

• c o m m u n icat ions  capabil i ty  to l ink and control  
i n d i vid ual process centers within the overal l  factory 
system; 

• i n c o r p o ra t i o n  of a centra l  d ata base / l i b r a r y /  
c o n t r o l  c a p a b i l i t y ,  w i t h  d i s t r i b u t e d  c o n t r o l  a s  
appropriate; 

• in -process evaluation and b uil t - in product test, 
together with statistical process control methods, which 
eliminate the need for 1 00 percent inspection yet assure 
zero dcf ccts; 

• the ability to accommodate a heterogeneous array 
of hardware and software; and 

• e s t a b l i shmen t of  t h e  overa l l  control  s trategies  
for management of  the complete factory. 

lmportaac:e of Total System late1ratloa 

Whereas the other key technologies discussed in this 
section relate to particular phases of product design, 
man ufac t u r i n g ,  o r  factory  management ,  t o t a l  system 
i n tegra t io n  refers  to  the ski l ls  needed to bring a l l  
t he p i ec e s  i n t o  a c o n s i s t e n t ,  i n t c r o pc r a ti n g  w h o l e. 
Automated production of affordable, functionally superior 
electronic asse mblies rcquir.cs total system integration. 

Factory automation has been proceeding through sev
eral phases in sequence, beginning with manual methods, 
moving to development of individual pieces of automated 
equipment, next to isolated islands of automation, and 
finally achieving a fully linked system. The benefits of 
t h e  f i n a l  goal - - the  fu l ly  l inked,  seamless prod uction 
s y s t e m - - i n c l u d e  t r u e  f a c t o r y  f l e x i b i l i t y , i m p ro v e d  
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c o n s i s t e n c y  and q u a l i ty ,  shorter  manufacturing cycle 
times, and, ultimately, lower cost. 

Q u e s t i o n n a i r e  r e s p o n d e n t s  r a t e d  t o t a l  f a c t o r y  
in tegration third o f  the technologies most critical for 
automated electronics assembly manufacturing. They fur
ther indicated that data networking is a key ingredient 
in successful integration. 

U.S. Position In Total System Inte1ratlon 

The United States and Japan appear to share world 
leadership  in total  system integration. The question
naire respondents' average estimation of U.S. leadership 
at 0.4 year is so short as to be meaningless. Large 
Japanese manufacturers of automobiles and semiconductors 
were cited as leaders in total system integration. 

The c u r r e n t  s ta te  of factory  sys tem i n t eg r a t ion 
extends to islands of automation with limited control 
linking. Ability to fully configure individual processes 
r e m o t e l y ,  a n e c e ss i t y  for  f u l l y  f lex ib le  e l e c t r o n ics  
assembly automation, has not  yet  been demonstrated. 

Several leaders in computer systems (e.g., IBM and 
DEC) are currently competing to determine industry stan
dards for factory system interconnection and control. In 
addition, efforts to establish factory data communication 
standards, led by a number of large manufacturers, arc 
under way. Japan is already moving toward complementary 
vendor standards on a national scale. 

Barriers to Total System Inte1ratlon 

While  ma ny of the technical problems of factory 
i n t eg r a t i o n  rema i n  to be so lved ,  both  q u e s t i o n naire  
respondents and the Panel felt these arc not as  difficult 
as the problems of time, cost. and management commitment. 
In fact, as a result of competing approaches now being 
t a k e n ,  the  proba b i l i t y  of t e c h n i c a l  s u ccess is h igh.  
Whether senior company management is willing and able to 
commit to the lengthy, expensive process of total factory 
i n tegra tion dur ing  t imes of f inancial  s tress, however, 
remains to be seen. 

The competing approaches are a problem as well as an 
advantage. Each of the various vendors (of factory inte
gration systems, hardware, and software) has adopted a 
different systems approach, and this proliferation makes 
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it  d ifficult for the factory integrator to commit to a 
s ingle system with the assurance that it will prevail .  
Individual manufacturing machines have diCCcring control 
and data architectures, and existing interface and data 
base standards arc inadequate to enable compan ies to  
integrate diverse systems. 

Total factory automation cannot be addressed on a 
small  scale.  I t  i s  a complex, e x pensive,  cross-disci
plinary process that involves the entire factory entity. 
The technology docs not lend itself to prototyping, as 
scaling problems can be substantial. Furthermore, even 
experimental usc of such a costly technology must be 
justified on a return-on-investment basis. The costs of 
setting up and keeping data networks current arc high. 
Furthermore, t here remai ns realistic skepticism that the 
predicted benefits of total factory integration can be re
alized. Management, therefore, has difficulty addressing 
the issue. 

The f ie ld  is not without technical barriers. Al-
though the science of distributed process integration is 
only beginning, Japanese companies have the advantage 
because of just-in-time and preferred vendor programs. 
Research is needed in total network simulation, network 
performance measurement, communication systems for cen
tral  data bases,  h igh-speed interfaces, vision detection 
systems, token passing systems, switched network systems, 
and data base communication interfaces. 

Opportunities to Benefit from 
Total System lntearation 

Further development of total factory system integra
t ion within the U.S. defense electronics manufacturing 
community can provide a number of important advantages: 

• t h e  a b i l i t y  t o  d e s i g n ,  d e v e l o p ,  a n d  p r o d uce 
variations or electronic equi pment hardware quickly to  
respond to new threats or sources of competition; 

• the ability to produce DOD systems with a variety 
o r  d i f f e r e n t  o p e r a t i n g  c h a r a c t e r i s t i c s ,  t h e r e b y  
complicating the enemy's countermeasures problems; 

• reduction or production costs for the low-volume 
p r o d u c t s  c h a r a c t e r i s t i c  o f  ma n y  m i l i t a r y  h a r d w a r e  
p r o d u c t s  w h i l e  a c h i e v i n g  h i g h e r  q ua l i t y  a n d  f ie ld  
reliability; 
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• increased demand for domestic supplies of factory 
a u tomat ion equipment ,  st imulating  the U.S. equipment 
i n d ustry ' s  support  for n o n-DOD needs and reducing 
dependence on foreign suppliers; 

• m o t i v a t ion of t he U.S.  defe nse commu n i t y  t o  
stretch toward automated production; and 

• t h e  p o ss i b i l i t y  of b u i l d i ng on e x i s t i n g  U .S .  
s trengths in systems, systems integration, computers, and 
software, as well as military systems. 

lmpllcatloas for the Defease Commualty 

The Department of Defense could help overcome the 
identified technical · barriers to total system integration 
by: 

• encouraging the establishment of factory integra
tion interface standards, 

• helping to bring equipment vendors and factory 
operators together, 

• encouraging training of technical experts in this 
cross-disciplinary area, and 

• e n c o u r a g i n g  mea n i n g f u l  demonstra t ions  of t he 
benefits of total factory integration. 

T h e  c u r r e n t  U . S . /  J a p a n e s e  p a r i t y  p r o v i d e s  a n  
opportunity to benefit from efforts i n  this area. One 
such poss i bil i t y is to construct, in a DOD-controlled 
environment, a large experimental facility to demonstrate 
the state of  the ar t  of e lectronics assembly  factory 
automation, to establish its benefits, and to speed devel
opment in areas impeding progress. Such an operation 
would make available, to the defense and other domestic 
e l e c t r o n i c s  m a n u f a c t u r i n g  c o m m u n i t i e s ,  r e a l - w o r l d  
exper i e n ce i n  i n te g r a t i n g  factory opera tions,  provide 
leverage f rom a single, large investment ,  and provide 
focus for small suppliers of equipment and materials. 

MODELING AND SIMULATION 

Deflaltloas 

Model ing: Technology of constructing computational 
r e pr e s e n t a t i on s  ( m o d e l s )  of e l e c t r o n i c  p ro d u c t  a n d  
manufacturing process performance. 
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Sjmulation: Use of models in design automation tools 
t o  co u p l e  t h e  d e s i g n er's  work to expe cted product  
performance, manufacturing process results, and product 
test and verification. 

factorv modeling: Use of models representing work 
f l o w ,  t h ro u g h p u t ,  l i n e  b a l a n c e ,  c o n t r o l  o f  process  
v a r i a b l e s ,  s t a t i s t i c a l  c o n t r o l  e s t i m a t i o n ,  t o l e r a n c e  
estimates. 

Pro d u c t  m o d e l i ng :  Use o f  models  represen t i n g  
performance, yield, cost, design verification, validation 
of software. 

Importance of Modelln1 and Simulation 

The twin technologies of modeling and simulation are 
the essential links between product and process design 
activities and real world factory results. Realistic and 
accurate modeling and simulation capability drastical ly 
shortens design cycle times and reduces designer errors 
by a l l o w i n g  prediction of product  characteristics ,  i n  
turn reducing the need for long prototyping and charac
terization experiments. Such capability is essential to 
integrating design and manufacturing activities in elec
tronics factories.  Modeling and simulation techniques 
faci litate engineering changes in existing products and 
processes, thus reducing line disruption. 

U.S. Position In Modelln1 and Simulation 

The United States currently enjoys a modest lead 
(estimated to be approximately two years) in modeling and 
simulation. However, Japanese electronics manufacturers 
are emphasizing modeling and simulation methods as impor
tant  elemen ts of their  future manufacturing s trategy. 
Germany a n d  F ra n ce a re a l so starting to close the  
technology gap in  this field. Since the technology-
mod e l i n g  a n d  s imulat ion of electroni cs products a n d  
m a n u f a c t u r i n g  p r o cesses- - i s  s t i l l  i n  i t s  i n fancy,  the  
slight U.S. lead is  not  decisive. 

Barriers to Use of Modelln1 and Simulation 

Both  t e c h n i c a l  a n d  n o n  tec h n ical  b a r r iers  to use  
of  m o d e l i n g  a n d  s i m u l a t i o n  n ee d  t o  be  overcome;  
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q u e s t i o n naire respondents  rated them a t  2 .8  a n d  3 .3  
respectively. Specific barriers include: 

• Modeling and simulation require attention to de
tail  and extensive on-line data; this area is frequently 
misunderstood or i gnored by management .  Continual 
a t t e n t io n  a n d  p ro c e s s  ch a r a c t e r i z a t i o n  i s  e s s e n t i a l .  
Technological advances arc needed t o  improve knowledge 
representat ion and to permit interactive modeling and 
simulation. 

• There is no standard solution to modeling and 
simulation problems; models must be customized for each 
factory situation. Useful models of specific tools and 
processes arc often not available and must be determined 
in each case. Progress in modeling and simulation will 
be limited by the availability of talent. the high costs, 
and the long time needed to establish models. 

• Several practical solutions arc required for par
allel processing algorithms for modeling and simulation 
and for the development of data base methodologies for 
design applications. Areas of needed research cited in 
the questionnaires were: models of components developed 
to standards by component vendors; simulation programs 
w i t h  a n i ma t ed f r o n t  e n d s  a n d  w h a t- i f  c a p a bi l i t ies ;  
rea l - t i m e  s i mulation a n d  object-or ie nted env ironments;  
mixed s imulat ion products (a nalog and digital);  expert 
systems for t ime-critical functions to generate optimized 
designs for performance; feature-based technology; vision 
systems and three-dimensional modeling; time simulation 
for fabrication; total factory simulation to improve effi
ciency;  a r t ificial  inte ll igence scheduling. simulation of 
parts  flow through plant; and simulation of tolera nce 
stack-ups from processes. 

Opportunities to Benefit from 
Modelin1 and Simulation 

Better models and more widespread usc of modeling and 
s imulation tech nology can reduce trial-and-error delays 
in  factory and product design and can speed overall 
product engineering activities. 
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Implleatloas for the Defease Commualty 

Mod e l i n g  a n d  s i m u l a t i o n  arc  c r u c i a l  in flexible  
manufac turing. where cycle t ime determines success. a 
wide variety of products is the rule, and the volume of 
e a c h  p r o d u c t  is so  sma l l  as to  prec lude  dedicated  
facilities and  processes. 

Japanese manufacturers arc catching up; it is impor
tant that the United States maintain its lead in this 
technology. DOD can help strengthen the U.S. position 
by: 

• encouraging or rcqutnng the usc of modeling and 
simulation techniques in its purchasing procedures; and 

• support ing model ing and s imulation research in 
acadc.mc. government.  and industry--part icularly i n  the 
mechanical area and for those processes where statistical 
variations affect product yields. 

DESIGN AUTOMATION TOOLS 

Deflaltioa 

Design automation tools arc the computer-aided design 
a n d  manufacturing tools. both hardware and software. 
applied to the design and improvement of products to be 
produced. Examples include workstations. communication. 
and mainframe hardware and software used in computer
a i ded engineering for both analysis and design. often 
incorporating design for manufacture and process design 
rules. 

Importaaee of Desiaa Automatioa Tools 

Questionnaire respondents and the Panel rated the 
effective application of design automation tools to prod
uct and manufacturing engineering as the single highest 
technology on the essentiality scale. These tools arc 
essential because of their fundamental role in creating 
a n d  d o c u ment ing  products. i n  communicat ing product 
information throughout the factory. and in serving as the 
designer's window into the factory. Design automation 
tools arc essential to successfully handling increasingly 
complex electronic asse mbl ies in a short product l ife 
cycle/engineering change environment. 
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U.S. Position In Deslan Automation Tools 

The United States currently leads the world in the 
development and usc of design automation tool technology, 
especi a l ly as a p pl i ed to requirements ,  specificat ions,  
and design. Nonetheless, the United States must extend 
a ppl ication of this technology to incorporate design for 
manufacturability, test, and assembly engineering if  i t  
i s  t o  maintain its lead. Questionnaire respondents rated 
the U.S. lead as one to four years, except in assembly, 
in which Japan now has--and is likely to maintain--the 
lead.  While large mainframe computer companies arc 
one source of U.S. strength in design automation tools, 
most of the coun try's competence derives from small 
workstation companies who depend on U.S. leadership in 
microprocessors and software. 

Barriers to Use of Deslan Automation Tools 

T h e  m a j o r  t e c h n i c a l  b a r r i e r  t o  usc  of d e s i g n  
automation tools i s  uncertainty about which methods arc 
best for i ntegrat ing design automation tools i n to an 
automated electronics assembly factory. In particular, 
the l a c k  o f  sof tware  for i n t eg r a t ed simulation a n d  
analysis i s  a significant barrier t o  the achievement of 
au tomated electronics manufacturing and test ;  this is 
t r u e  for both product ion and product design. The 
technical difficulty was rated 2.25 out of 4.0. The 
tremendous efforts being applied, however, suggest that 
technical success is likely. 

Two cul tural  bar riers (difficulty • 3. 1 )  l imit the 
e f f e c t i v e n e s s  w i t h  w h i c h  e n g i n e e r s  a n d  f a c t o r y  
technicia ns usc design automation tools and design for 
m a n u f a c t urabi l i ty .  The barriers a rc: ( 1 ) otherwise  
experienced design and manufacturing engineers arc  not 
trained in usc of design automation tools, a nd newly 
graduated engineers and technicians, while competent with 
the tools themselv es, have not learned the value of  
d es i g n  for  ma n u f a c t u r a b i l i ty ;  (2 )  the  need to  l i n k  
product design with . manufacturing operations using design 
automation systems is not yet widely accepted. 

· Although i ndividual workstations arc not expensive, 
design automation technology requires a large commitment 
across whole projects--or even companies. It  i s  not 
helpful to invest in small amounts of integrated design 
automation tools and manufacturing. 
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Opportunities to Benefit from 
Deslan Automation Tools 

U.S. leadership in design automation tools provides a 
tremendous opportunity to offset high engineering labor 
costs by increasing engineering productivity and compen
sating for shortcomings in other technological areas by 
reducing design and manufacturing cycle times. 

I f  U . S .  e l e c t r o n i c s  a s s e m b l e r s  c a n  e f f e c t i v e l y  
integrate design automation tools into a n  overall product 
development and manufacturing system, they will have 
capabi l it ies  u n matched in the world. Both cost (of 
development and of capital  in vestment) and potentia l 
payoff arc high. 

Implications for the Defense Community 

Des i g n  automation tools is  the  only one of t h e  
identified key technologies i n  which the United States 
has a commanding lead. Because it is such an important 
area,  mainta ining design a utomation leadership should 
enable the Uni ted .states to offset some of i ts other 
technological  d isadvantages. It is worthwhile,  there
fore, for the U.S. defense community to work to maintain 
the competence of suppliers of design automation equip
ment and software and to encourage sensible deployment of 
these systems in electronics assembly manufacturing and 
design operations. Possible strategies for accomplishing 
some of this include judicious development of standards 
and increased training for managers and technical staff. 

ELECTRONIC PACKAGING AND 
INTERCONNECT TECHNOLOGY 

Definition 

Elect r o n i c  p a c ka g i n g  a n d  in terco n n cc t  technology 
encompasses  the  tools ,  tech niques, and materials  for  
fabricating the second and third levels of interconnect 
(the connections between devices on the chip itself being 
the first level). This includes the fabrication of the 
wir ing  substrate, the chip a ttachment techniques, chip 
encapsulation techniques, and connector technology. (It 
includes #2 1 from the matrix of Figure 1 -3, but for 
fabrication as well as assembly.) 
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E x a m p l e s  o f  s u b s t r a t e s  i n c l u d e  p r i n t e d  c i r c u i t  
b o a rds, a d vanced ceramic a n d  si l icon substrates,  and 
c o ppcr/poly i midc syste ms. Attachmen t techniques arc  
su rface mount, flip-chip, and tape automated bonding, 
us ing  solder rcflow, thcrmocomprcssion bondi ng, laser 
bonding, and amalgams. Advanced encapsulation techniques 
promise to allow reliable chip-on-board systems. 

lmportaaee of Paekaalaa aad latereoaaeet 

It is the packaging and interconnect technology, rath
er than the chip technology, that limits the performance 
of modern high-speed digital systems. In the fastest com
puters today, about half of the cycle time is the time of 
flight of pulses between logic circuits. To go faster, 
sy stems must be smaller, which requires higher-densi ty 
wiring and higher-capacity heat removal techniques. In 
s u c h  sy s tems ,  t h e  f r a c t i o n  of cost a lloca ted to the  
packaging and interconn ect  technology wi l l  become a 
larger part of the system cost. 

Similarly, further i mprovements in system reliability 
can be expected to come primarily from fewer and more 
reliable interconnections rather than from reductions in 
failures of the devices themselves. 

U.S. Posltloa Ia Paekaalaa aad Iatereoaaeet 

The United States is generally a year or more behind 
Japan in the development and usc of surface mount equip
ment. The Japanese also lead in tape-automated bonding 
technology (TAB); both the NEC SX-2 supercomputer and the 
Sony Watchman miniature television, for example, usc this 
technology. In fact, the Watchman actually uses TAB that 
is more demanding than the SX-2. 

While IBM enjoys a clear lead in flip-chip attachment 
to multilevel ceramic substra tes, this technology is not 
generally available to others. 

In the area of materials, the Japanese enjoy a clear 
lead in ceramics. 

Barriers to Use of Paekaaiaa aad Iatereoaaeet 

The major barrier to usc of packaging and intercon
nect technology (difficulty = 1 .0 out of 4.0) is the lack 
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of accepted standards in the industry. These arc needed 
to give decision makers in this fragmented industry the 
confidence that the product of an investment will remain 
in the mainstream, and to justify the effort and invest
ment needed for the additional research and development 
to work out the process details and verify reliability 
issues. 

Research is needed on reel-to-reel flexible circuit 
assembly and test, development of manufacturing rating 
systems for component mounting, improvements in solder 
and solder joint reliability, and integration of surface 
mount technology into workstation design rules leading to 
total computer-integrated manufacturing. 

Opportunities to Benefit from 
Electronic Packa1ln1 and Interconnect 

Advanced packaging and interconnect technology will 
enable (and is necessary for) higher-performance, light
er, smal ler,  and more rel ia ble electronics systems to 
be produced. The technology also offers the opportunity 
to reduce manufacturing costs at the same t ime, as  
individual operations such as  wire bonding arc replaced 
by operations that attach a whole chip in one step, such 
as TAB or fl ip-ch ip. Direct attachment of chips to 
substrate wil l  e l i minate both manufacturing steps and 
failure points. 

As the integrated circuits become more dense and com
plex, requiring ever more input/output connections, the 
dimensions of the attachments must shrink accordingly; at 
some point the dimensions will preclude manual operation, 
leaving no alternative to automated attachment. 

Implications for the Defense Community 

The defense community has the opportunity to influ: 

cncc the directions taken by these technologies for em
bedding a nd interconnecting advanced integrated circuits 
into systems. In doing so, i t  could ensure that these 
techniques arc developed in ways that arc suited to de
fense needs. At the same time, such support and guidance 
would benefit the industry as a whole, strengthening it 
as a supplier of defense equipment. On the other hand, 
if  DOD fails to involve itself in the directions these 
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technologies  ta ke, it  will  risk not only incompatibili· 
tics with defense needs but also dependence on foreign 
sources for high-performance system technology. 
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5 CONCL U S ION 

The United States, once preeminent in the development 
a n d  a pplication of electronics assembly technology, n o  
longer leads in all sectors o f  the industry. The basis 
for compet i t ive success has  shifted f rom low-volume, 
h i g h - p e r f o r m a nc e  s y s t e m s  to l o w - c o s t ,  h i g h- q u a l i t y  
systems and the U.S. electronics industry has been losing 
the competition. In effect, the technology for consumer 
electronic products is no longer subordinate to that used 
for defense. One result of this shift is that manufac
turing technology, rather than product development, is 
becoming much more important to determining leadership in 
the electronics industry. While a few U.S. firms have 
retained a lead in manufacturing technology, there is a 
wide disparity between them and the smaller companies 
that arc more typical of the DOD supplier base. 

The sponsor of the report asked the Panel to identify 
the technologies that will be important to the defense 
community over the next S to 10 years but to stop short 
of recommending specific DOD actions. DOD, armed with 
that knowledge, will be in a better position than the 
P a n e l  to s elec t  t h e  appropr ia te  respo nse .  In t h a t  
s p i r i t ,  w e  o ffer  t h e  fo l lowi n g  observ a t ions  o n  t h e  
implica tions of  t h e  changing technology for the U.S. 
defense community: 

• A s t r o n g  c i v i l  man u fa c t u r i n g  indus t ry  is a n  
excellent base from which to develop world leadership in 
e lec t ron ics .  The D e p a r t m e n t  of  Defense ,  therefore, 
should not be unconcerned by a world split in which the 
Japanese dominate consumer electronics while the United 
States dominates military electronics. 

• The domestic electronics industry should not be 
complacent  in the expectation that it can continue to 

S8 
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dominate the U.S. defense market. Japanese firms, among 
o t h ers ,  a r c  beg i n n i n g  to consider mi l i tary electronic  
systems as a source of continuing growth of market share. 

• Despite  the shift in technological leadership in  
e lectronics, the  U n i ted States has  grca  t technological  
strengths on which it can build. 

Of primary importance to electronics assembly in the 
U n i t e d  S ta tes  in t h e  n e x t  1 0  y e a r s  w i l l  be t h re e  
technological areas: 

• information handling and computer capability, 
• p r o c e s s  c o n t r o l ,  a n d  p ro c e s s  a n d  e q u i p m e n t 

technologies, and 
• total system integration. 

The United States has a comfortable lead in informa
tion handling technology and computer capability. These 
technologies arc an important source of U.S. strength in 
electronics assembly. In order to maintain this strength 
and build on it, we recommend that it continue to be the 
focus of major research efforts. 

Wh i l e  l e a d i n g  i n  infor ma t i o n  h a ndl ing,  t h e  U.S. 
electronics ind ustry has lost i ts leadership i n  process 
control and in process and equipment technologies. These 
areas will  be crucial to the production of affordable, 
f u n c t i o n a l l y  s u p e r i o r  e l e c t r o n i c s  a ss e m b l i e s .  T h e  
barr iers t o  widespread usc o f  these technologies  a rc 
managerial, not technical. We therefore recommend a 
c o n c e r t e d  e f f o r t  t o  b r i n g  p ra c t i ce a m o n g  d e f e n s e  
contractors u p  t o  the state of knowledge. 

T o t a l  s y s t e m  i n  t c g r a  t i o n  i s  a t e c h n o l o g y  i n  
transition. As companies around the world work toward 
t h is goal ,  t h e  apparent  lea ders change their  relat ive  
posi tions. At present, it i s  not  possible to determine 
whether  Japan or  the Uni ted States is in  the lead. 
Because of the huge potential benefits of total system 
integration, and because of the complexity of the tech
nical work needed to achieve it, we recommend that it be 
the subject of a concerted, cooperative, national effort 
via consortia. 
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Appendix A 
CURRENT AND FUTURE STATUS OF 

KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 

STATUS TODAY 

1. Dulan Autom!t!on Tools 

Umited availability ol labor-intenslve 
design automation tools. (Data base 
software with limited capabilities.) 
Tools available lor certain applica
tion-specific integrated circuits. 
Present tools not very useful for link
ing customer to design. Requirements 
and specifications not coded or Indexed 
to be easily retrievable. 

WITHIN 5 YEARS WITHIN 10 YEARS 

REQUIREMENTS AND SPECIFICATIONS 

Automated tools that generate design 
specification available. Tools more 
enectlve than today. Improved data 
bases reduce user time requirements. 
The manufacturer's facility acts as an 
extension of customer's business. 
Better Indexing and classifica11on of 
specifications for automatic retrieval. 

Product specification to product 
documentation automated. Natural 
language interfaces available for 
CAD/CAM. Tools link customer to 
supplier. Full system slrnJia11ons 
available. Optical disk storage of 
specifications with sophisticated 
lndexlng and re111eval available. 

7. Artlftclal lnttftlqtnct Tools Narlout Eonnll 
Only a few expert systems In use for 
requirements and specifications; these 
are used to COITYT1..Inicate specifications 
between the manufacturer and customer, 
and to optimize system configuration. 
Artificial Intelligence (AI} not 
extensively applied to requirements and 
speciftcatlons. 

Expert systems for verifiability and 
testability limited to systems 
engineering tools. Tools In place for 
well undOI'Stood problems. Integration 
of requirements and specifications with 
manufacturing process. 

Expert systems for automatic generation 
of specifications. Systems with limit
ed reasoning for product improvement 
Inference technology lor iU-defined 
problems. Integral part of work
stations. 
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14. Mod!!lnq!S!mu!atlon/PrototvPinq t!nc!uclna Soflwlr! Prototypi!!SI) 

Stand-llone IDOla avlllable tor 
prototyplng and for user Interfaces to 

larger systems. Modeling tools for 
performance simulatlon are good. 
Existing systems fu nctio nally simulate 
facility operation. Tools for modeling 
printed wiring boards are limited 
because requ iremeniS and specifications 
are Ill -defined .  Present tools Inade
quate for simulation of specification. 

2. Det!qn Au1om!t!on Toolt 

Super-mi� capabilllee at 
workstations. Produciblllty, rala
billty, testabiUty Issues not fUiy 
addresaed. lsiMds of anomatlon. 
Software design automation only 
beginning. Utile capability In 
software slm.llatlon. 

Toole 8VIIIable tor Yllld8llon of 
� Mel  epeclllcallons. 
Advancee In Al lllow IUSDmlllon of 
procaa Integration of ltand-llone 
IDOla conllnuea. Totll pro10typlng 
done � eoflwlre llim.llatlon. Conmon 
epeclllcallons emerge tor llrn.llatlon 
modeling. 

DESIGN 

AJ software transports concepts from 
deslgner to engineer. Wortstatlons ap
proach mainframe capability. Extensive 
three-dimensional graphics capability. 
Co"l)uter-alded deslgn tied to maJWfac
turlng data base. Producib4 ity, 
reliability, and testing Issues 
Increasingly addressed. lncrealng 
9f'l1lhasls on subgroup tests and built-In 
test Lower-cost hardware and 
software, but CO"l)lexity I ncreases. 
System simulation available. 

Tools available to model customer's use 
of product Tools using knowledge
based software used to model productlon 
process. All designs modeled prior to 

productlon. Highly sophisticated 
techniques needed. Cost analysis of 
design decisions In corm10n use. 

FuUy Integrated capabilities available 
(anllog/dlgitallmechanlcal/sonware) . 
Self-healing and bulh-ln test 
algorithms. Some automatic part 
replacement during manufacture. Some 
SUpei'CO"l)Uter capabilities. Test pro
grams generated automatically. Massive 
optical storage of data. Two debates 
emerge: {1) WIU worltsta1lons replace 
central CO"l)Uters (and still guarantee 
data base integrity and security)? (2) 
Will AI be used extensively to generate 
key alternatives? 
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 
(contlnuac:l) 

STATUS TODAY WITHIN 5 YEARS WITHIN 10 YEARS 

s. Computer capabllltv (Softwart and Hardwar!. Malnfnlme to Mlcroproce!IO!') 

Computer po_. -u ahead of design 
applications. RISC and Very Large 
Scale Integration chips make extremely 
fast workstations. Machine-intensive 
speed still too slow for per1ormance 
and fault slm.llallon and modeling. 
Software behind hardware. StandardiZa
tion needed. Soma linkage to factory 
ftoor. 

Lower-cost, faster workstations. 
Massive mainframe capability available 
without reentry. Pattern recognition 
capabilities. Speaker-dependent speech 
input Direct comrr&Jnicallon to factory 
and other data bases. New languages 
and algorithms needed. 

a. Artificial lnteiiiCI!!!C! Tool! (VarfOU! forms) 

Umited stand-alone, rule-checking, 
"design adviser" prototypes. Still 
have to "correct by construcllon." 
Syst....- eo llrrited that true AI 
cipabllitles not fully realized. 

"Design adviaers" available using 
conventional processors. AI assistance 
for component selection, producibility, 
and selection of analysis and test 
Embedded naDJral language lnter1ace 
provides design doc\Jmantallon from 
specifications. Engineering works at 
functional level. CAD synthesiZes, 
sirnJiates, tests, and opllmzes 
design!. 

1<XHJIIPS workstallons and dls1rlbutad 
data processing common. Spellker
lndependent speech systerns emerge. Key 
Issue is complete Integration of 
manufacturing func:llon. One-� 
dellgn becoming coi'MKltlonal. 

Knowledge systerns guide engineers 
throughout design c:ycla (analysis, 
relabillty, and elrrulallon). Best 
sysl8rns .. dlaclpllne-unlque. 
Multldlaclplne cognizance begins to 
ippe.-, but rnJIIIdleclpUne "rusonlng" 
not ., .. able. Loop between dellgn and 
manufacturing doted (provldee feedback 
for haurlllllc lea-ning). Deba on 
AI'S role sharpe..: "l!listant to• 
venus "maater dellgner." 
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11.  D1t1 BIH Ttchno!oqlu <Orqln!pt!on. Slit. lnttartty. Conlllt!ncy. 8tcurtM 
Poor data base management interfaces. 
Manu• intervention conmon. Most .,. 
hiertrehlcal, with kay Indexes that are 
diS111butad raU. than relation•. 
(Relational dlta base management Ia 
available but not baing used.) Walk 
dati integrtly and .curtly conmon. 
Good basic technology not consistently 
applied. Data explosion exacerbates 
probl811"8. DiS111buted capability 
beginning. Object-oriented DBMS 
beginning. 

Grephics dlla b-. conmon. Size of 
dlla b .... requires that they be dilt
tributad, which cau- dlta lntegrtly 
and security problems. Mora relational 
data bases. AI (object-oriented) data 
base models emerge. Sortware not fully 
Integrated with AI systems. Manufac
turing and test requirements In data 
bases. 

13. Modti!DG'Simulatlo!!IPrototvplna llncluclna Softwlrt Prototyp!DCI) 
Electronic equipment modalng and 
sirn.�lation available, but machanlcal 
systems not as advanced. Different 
vendor standards for data storage; 
thus, many components remodeled by 
original equipment manufacturers. 
Technologies emerging for prototyplng 
real-time sollware applications. 
Initial models of design-for-assembly 
avallabla. Many programs requira ser
vices of competent engineer to analyZe 
data from program. No sirn.llators that 
nix analog and digital modes. 

Mixed digital and analog sirn.llation. 
Whole system sirn.llallon of integrated 
circul!s with rnllions of gates. 
Bettar intefacllon of tilTing and func
tional slm.Jiallon using AI systems. 
Cel'taln domains have 100 percent 
modeling, simulation, and prototyplng. 
Better three-dimensional modeling 
systems 1vailable. Integrated producl
bility and tastabitity tools more 
wrm-ol'!, Modal �•!I!OI'f ln!!'Q4U�. 
lncnalng recognillon thai modelng. 
elrrulallon, and prototyplng WUIIY 
recl.lce COIIL First pass dellgn 
IUCCell becoming common. 

Dlla base rNChla. haw high peltor
rnance and high capacity. PICklged 
eolutione allow mllnfr�me 10 comrn.�nl
c:all with wottcatallone. Dlla Milly 
I'1'10Yed via high-lpeed conrr&�nlcallone. 
Severll c::oft11anlee haw .. draw1Dg8 
conver18d 10 electronic dlla b-. for 
design, test, and manufacture. 
Standard representations of sollware 
design begin to develop based on 
transportable, object-oriented, 
prograrrmng languages. Debate over 
centr• versus dlslributad data bases. 
Major lssue8 .,. data consistency, 
integrtly, and 88Cllrtly. 

� and .......,.. lllow 
component models to come from component 
manufacturers. Slrrulallon Ia more 
fully integrated (chip/system/ 
sollware). Top-down system sirn.llation 
begins to emerge, with "bodies of 
knowledge" rather than data bases to 
drive the design. AI systeiTe develop a 
path from requirements and spec:iflca
tions to the prototype hardWare and 
sollware. Software malntenance accom
plished via r-.qunmenta c:hengel. AI 
c:loC&a'nentlll generDid IU10I'nallcally. 
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 
(contlnuac:l) 

STATUS TODAY 

25. Dati Nttwortdna and Securttv 

Ethernet and Manufacturing Automation 
Protocol (MAP) systems av&Jlable. Many 
systems not very robust. Good dedi
cated local connectivity. Wide-area 
access requires large computer 
Interfaces. Engineering workstations 
networked. Few standards. Optical 
standards emerging. Very few trans
parent data access tools available, 
though strong capabiiHiea are 
available. A few firms link c:on-.,utar
alded design for electronic design, 
fabrication, assembly, and test at 
multiple factorlea, globally. 

WITHIN 5 YEARS 

1 oo megabil!l per aecond data raras. 
MAPfTOP (Technical Ofllce Protocol) 
stand.-ds accepted. Other stand.-ds 
emerge. lnteroperabillty IIIII a goal, 
not an accomplishment LIMII of 
granularity refined. Closer coupling 
�n engineering and manufecllring. 
Colllll decline and network transparency 
Improves. Fiber optic networks 
corTmOn. Distributed data tooll 
improve. 

WITHIN 10 YEARS 

Stand.-ds e/liaw mulllvendor lntareon
nec11on and better user Interfaces. 
Much work sill needed to lllow 
lnteroperabillty. The Importance of 
security finally understood. Full 
broadband interconnectlbillty 
Incorporated Into local- and wide-area 
networks, MAP, TOP, Open System 
Interconnect. and ISDN. Increased 
conformance and finer levels of 
granularity with enhanced semantic 
capabilities and more concise standards 
not fully available. CoiTfTI..Infcaling 
computers the norm for new wor1c
statlons. 

EXTERNALLY ACQUIRED COMPONENTS 

Prob*nl asaoc:lated with extemanv acquired co!T!I)Onen!S are the most oftlln c1e1tc1 11110ng clafel'l88 contractora 10day. 
The Navy's "beet Manufecllrlng PriiCtlcee Survey" Identifies numerous corr.,oiWil.....a..d probleml-lncluclng 
solderability, part ege, and part nwtdng--a wldespr8ad throughout the l:lefen. eleclror*=a lncMiry. n.. 
quality control prob*nl poee .-tous barriers 10 the fu1l.lre factory. 
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FABRICAnON 

11. Mod!f!nG'SJmulttlon/Prototvp!na Clnc!uclna Sonwart Pn!totvp!na) 
Able to simulate specific processes 
with produclbility rules; in some 
cases, can simulate whole plants. Used 
to line-rune equipment and process 
before manufacrurlng. Many products 
available for simulation today. 

Softwera and h.-dwera IIY.uable for 
most jobll, Including metJII and c:helricll 
procesees. Autornadc generlllon of 
real-lima design-to-cost faedba 
systems. Produciblllty Ylllldlllon 
aveilable. 

11. Autometed St!ltlstlcal Proceu Control lAM Dmt) 
Soma operallonal system� being used, 
but product and process apeciftc. 
Current system� United by IIYiilable 
sensors and 80ftw.-.. United real
lima systems, with olf-Hnt stallsticll 
analysis. 

Real-lima data collection and 
distribution; closed-loop process 
control. AI and knowledge-bued 
systems avmlable for problem solving. 
Applicallons paced by management 
acceptance. 

22. Robotics. Flexible E!lllpmtnt.lftd Ptta-Ddyen Automlt!d Toolt 
Equipment. Including sensors and soft
ware, available. Individual equipment 
very ftexible and prograrrmable, but not 
easily linked. Systems for large 
volume production not cost effective 
for small batches. Material handling 
and processing tools most advanced. 

Design data base-driven ftexlble 
manuf11C1Urlng systems (FMS) with 
multiprocess automated tools, using 
Intelligent robotics and thr�Mrdiman
slonal space modeling for improved 
actc;urac;y. Robots for small-batch 
production just becornng IIYIIilable. 

AutlomiiMI generlllon of flbrtctllon 
proc:ea derived by modling product 
from dtllgn da llne-dlmlnllonal 
modeling I� with flbrtcatlon 
aystam end - dm � 

Statistical process corm>! � 
"part or' IIC1Ual flbrtcatlon process. 
Operallon with no human .nuwvenlion. 
Systems aupported by COfl'4)utert with 
optic.al fiiTay p� and ability 10 
predict production performance lor a 
broad range of products. 

Industry standard equipment available, 
which can be lntegral8d through total 
process control systems. Broad use of 
FMS for low-volume production, with 
cooperative robots and adaptive, distri
buted controls. Off-flne prograrrning 
with autornald IDOI-to-IDOI Ioglltlca. 
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 
(continued) 

STATUS TODAY WITHIN 5 YEARS WITHIN 10 YEARS 

21. Data N!tworklna and Stcurnv 

Urrited local connectivity, using 
extsllng standards. Interfaces betWeen 
Computer-aided design and faatc:.llon 
available, but no accapt8CI high-level 
design language. Most working sy1t11m1 
are company proprietary. A taw MAP 
networks are Installed Ill 10 Mbpa. 

3. Dulan Automation TooJa 

Program generldora for automallc par18 
placement on prlnt8CI wiring bo.-da. 
Selup/teardown ama a barrier to 
efficiency. Most manufec1Urlng 
requlramaniB not Unked to computer
aided design. 

Stand.-d high-capacity dlla l"'8lWofk8 
available--10 to 20 Mbpa. Factory 
equipment wll lag networtc capability. 
Proliferation of cori'IYI.Inlcdo,. 
standards, plrllcularty Ill I� 
of computer-aided manufacturing to 
maN1g81\'18nt lnformallon ay1t11m1 and to 
tall. LDc:al and aoma wide-... l'l8lWOI1C 
capability. 

ASSEMBLY 

Design for manufac:IUre lntegratad ln1o 
computer-aided design. Automatacl 
product rouang. Direct prograrm'llng of 
many assembly machines. Betrar 
algorithms. Tighter pi'OCIIIIII control. 
Manut.clurlng-orlent8CI dlla bale 
maN1g81\'18nt eylt8m8. 

Advanced dlllrlbutiad ralldloNII dlla 
ba88 tachnology available. Ful 
broadband lnterconnecllvlty on both 
local- and wide-... batla; tranamllt
alon up to 100 Mbpa, • required. 

Optlrrized ..-nbly. Reduc:ed human 
intervention. More llexible machines. 
Computer-aided deSign sy1t11m1 consider 
altarnallve proc8llllll and COitl. 
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17. Modt!lnct'SimufatloniPrototyplna llnclyclna Softwtr! Prototypl!!l) 
Aslembly echadule modeled. Wortl llow 
rarely modeled. Stand-alorw � 
used. Specill 1raining naceesary. 
Animation available. Production 
balancing and Inventory management 
conwnon. 

AI penrill dyNnic echecl.llng ...,... 
Stallstlcall procea co1r01 1m.gr.-d 
men tuly. GriiPhlcll Nf)Ot1lng 
lncnNIIIIng. More <*lgn guldllnee In 
worlcllldlona. 

11. Automated StaU!11caJ Procttt Control lBHI Dmt) 
Continuous monitoring with malnfran.e 
and personal computers. Most � 
cal process control uses manull lnpulll. 
Ullle testing during assembly. Vle6on 
systems primitive. Improved 98riiiCn 
needed. Equipment actuators needed. 

21. Co!!!D9ntnt Mounanq and Conntct!on 
High-volume applications (printed 
wiring board, cable, harness). 
Automated equipment available lor SMT 
and PWB (top and bottom placement). 
Sequencing, lead-lorrring, wire-wrap, 
automatic wire-bonding control. 
Pick-and-pack now available. Solder 
inspection Is problem. 

Yield I� via rrix-and-mtleh 
IIIMmbly. Sonw noncrlllctl Yllull 
lnapec:tlon automlllld. Al-coeched 
problem raeolu1lon. 

SMT becorNe assembly tocue. 15-25 ml 
epiiCing. Solder lnapec:tlon rwnllna • 
problem. Soi'IW lhnMt-dlrnlllllonll 
ll8lmbly ..,.-ggng. Smllllr CC1f1'110nenll 
COfl1)llcatil job. loMr volume 
lppliclllona. 

Dllcr.- llmlllllon language lor 
,..._ ..... modlllng. wNch ....,. In 
'"*' galnl ln  proc II ling elllclency. 
Toole Ullllr to u• In dellgn concept 
.... 

Optical array processors Integrate 
statistical process control. Product 
"aging" predicted. Design rules 
consider vlsulll lnspection systems. 
Wide application of AI. Data-driven 
automated IDOls conwnon. 

SMT with  15-10 mil spiCing. Fleldble 
subs1ratM conwnon. Chlp-on-bo•d 
technology conwnon. Produdbllity/ 
automation Integrated Into design 
proc.a. Mulllple-chlp modul• 
pllekaglng. � "oorJ1)0nant:l. • N
interconnectlon techniquee required. 
Lot 91Zeot1. Customlzallon c nnll 
test or point of sale. 
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 
(continued} 

STATUS TODAY WITHIN 5 YEARS WITHIN 10 YEARS 

23. Robot!ct. Flexible Eaulpmtnt. and Datil Drtyen Automat!d Toolt 
Non-PNB applk:dona limited. (Narrow/ 
stand-alone.) Soma vtslon. Soma 
autonomous mo11on. lndMdual machl.-
not linked directly. Umited robot 
nexibility. Need comrn.mk:a11on 
protocol standards. Need in"l>roved 
accuracy. Sorre cable and hamaa 
assembly. 

27. Data N!twortdna and Stcurtty 
No lntagrated stratagy. Proprietary 
solu11ona. High costs for MAPITOP. 
Center. of automation (e.g., prlntad 
wiring bo.-ds, surf- mount technol
ogy) perform well, but are loolely 
coupled. Stand.-d applk:don-levtl 
lnterfiCI8 missing between CAD and 
CAM. (Manual extraction from CAD, 
manual massage, manual tntry to CAM.) 
Lack of CAM definition stand.-ds. 
Mainframe computer 1/0 not supportive 
of CAM and vice versa. lnterf- ls a 
problem. 

Higher precision and accuracy. lnteiU
genr robotics available (force sensing, 
vision). Aexible manufacturing 
systems In smaller companies. Better 
linkage between machines. SMT fully 
mechanized. More material handling 
appiiCIIIOna. CaDle ana namaa 
assembly common. 

Networtc strategy lnaualngly dellned 
lor entity. Systarre Installed are low 
In bandwidth (1o-20 Mbps). Aber opllc 
sysliaml av.aable. Mont transparant 
file translatonl. Significant 
Improvement In lntramanufacturlng 
Interfaces. Mlgrdon under way to 
token ring (CNA) archlteciUre. 
Distributed data tools available. Sorre 
plants fully networked. 

Further inl>rov.-nenlll In precision and 
accuracy. Cooperating robolll with 
distributed control. Autonomous 
"navlgdon." Flexible manufacturing 
sysliaml mont common. InduStry 
stand.-ds promote cost efi8CIIvlty. 

InduStry standards recognized. 
Mulllvendor Interconnection common. 
Prognlls llow.d by exlatlng capital 
baM. lnterf- Issues 801ved. Ful 
plant networking common (100 Mbps). 
MAP Is out of da. New broadband and 
opllc technologlse emerge. 
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4. Dttlqn Automation Toolt 
Design automation tools not widely used 
to test product or process because of 
limited capability. Present capabili-
ties include autogeneratlon of tooling, 
board-level fault isolation, and 
In-circuit testing. CAD systEJml can 
produce component values and circuit 
tm v�K\9�. 

Widespread capability In functional 
testing using available PCs and 
minicomputers. Use of maintenance and 
supercomputen� constrained by cost 
Data networ1dng to take advantage of 
mainframes and supercomputers is 
inacsequ•. 

TEST: PRODUCT AND PROCESS 

Dellgn IUtOmallon tooling capable of 
autogenerldlon of t11111 progrM11, 
IUtOmallo procea corracllon, Md 
on-bowd faun leolldlon. Workstdons 
have integrated dellgn moll, Md good 
Bnks .:hievecl between CAD eysterre Md 
conmarc:ill ... ayetlml. Slm.l'*d 
faun lallllng In lhe dellgn 1t11ge 
enwglng. 

p ...... proceaslng - problem of 
COI\'1)U1Ir po-. Betl8r lntllgrldlon of 
equipment and knowledge-.,.., eysterre 
I� capablllllee. lntllgrldld 
nelWOitat from design to till 

t. Artfftcfal lnt!IIICI!OCI Tool! CVtrfou! Formt) 
Very IIC1Ive ..a of resetrCh. Expert 
syst811"8 for co�nent faun isolation 
available. Robotics and vision .-. 
areae that can make contribution. 
Finlt-ge...-ldlon progrwns capable of 
some deep reasoning to derive t11111 
data. 

Increased complexity of faun-Isolation 
systems. Feedb.:k changes to design 
for automated learning. Board-level 
programs become available. Ability to 
use historical data in automatic test 
generation. 

Fun test generation on a workstation 
should be possible. Test systems wiU 
be Integrated Into design process. 
Systems wiU be capable of automatic 
chip-level fault Isolation. Most prod
ucts and equipment wiU have built-in 
...,_ .... 

Hlgh-lpeed functloMI ... on ECC Md 
GaAa. So� ldvlncle $MD by AI. 
Totlll tlllll progrtm generllllon. Snwt 
..,.,.. help with fiUII IIolllllon. 

Aulornldlc generllllon of t11111 r-••• ... • 
Md lllecllon of 111111. � tlllll 
thai........ Feedba tD dlllgn 
proceaa. 
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 
(conUnued) 

STATUS TODAY WITHIN 5 YEARS WITHIN 10 YEARS 

12. Ott. §au Technoloqlet (Orqanlut!on. S!zt, lnttqrtty. Consistency, StcuriM 

Sep.-a data � tnd libraries, 
usullly not Unked. Hierarchlcll test 
equlpmant-configurallon tnd fllilure, 
data collecllon. Test pattemll 
daveloped tnd stored with only ptrtial 
fault covertge. PC and minlcon.,uter 
data � used, llmi!Bd to one product 
line. 

Fifty pera�nt of dllta � .. 
ralldlonll; knowledge-baed dala b-. 
used for troublethoodng. Ubrtry 
model! become corrmon, th....ct data b-. 
used by design tnd t111t functlont. 
Productll with buUt-ln aelf-tlllt 
relieve tome data base requlrernenta. 
Dllta collectad tnd stored tcrOa many 
product l1'1811. 

24. Robotics. Flexible Eaulpmtnt. tnd DaSI 0!1ytn Automlt!cl TW 

Manipulators available to load tnd 
unlotd sutorndc test equipment 
Robotic asaemblles do 1..-tion into 
test llxtu1'811. Quality of toftware It 
a problem. 

21. on Nttwortdnq and Stcurttv 
A limited amount of networtclng hM been 
lnl>lement8cl. Lack of ttand•dt Inhibit 
lnterconnacllvlty. 

Intelligent robots with vision and 
Ioree sensing capability. Higher level 
progranmlng languages avllllable. Auto
matic probing using vision sensors. 
Easy reconflguralion. Netwof1(1ng 
linking design wof1(stallon to plant 
available. 

GraaW av .. ablllty of tblndlrdt: 
TOP, MAP, OSI. L.oc:al .., netwotb 
Integrated with mtnllfacturtng pro!DCOI. 

Distrlbutad-tlllt data b-. used 
ttvoughou1 proc111. Single Ubrlry 
dala base for total t.caory. 

Cooperii!Mt robola with adonomous 
operldlon stand.-dt In place. Suitcale 
falling IIYIIilable 10 lnterftce 10 
tutornald - equipmlnl. � 
highly IIIIOI'n*d. AutomaiMI matarlll 
hlndlenl for tlllt !Wpalr cyca 

C.ntrll netwoltc for t.caory of future 
IIYIIIable. Modelng tachliquet drive 
networking. Ful broadband intart:onnac
llvlty. MAP, TOP, OSI, ISDN. 

.... 
0 
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FIELD SUPPORT 

10. Artlftcllf lnt!lllatnct Toolt Ntr!out Eonntl 
Umlted tlald u• for ci81Jnoatlce, 
troubleshoodng, ITIIInteMnce, and 
training. "Ear1y" expert system� 
operdolllll. Feedb8clc loope _.. 
manual. 

Integrated field 9Upport pecllegee 
available, Including maintenance, 
repair, training, and early WIITllng. 
Expert systlll119 with automated feedba 
loop and custom hardWare lor data 
CQ�n. AI c;:oach in CE'� hands • 
CUIIOnW ...... 

13. Data 8aH Ttcfmoloalu CQnan!ptlon. S!g. lnt!Citty. CorWtttncy. StcwtM 
Wide v.naty of da b- In u. 
today, mlinly for apec:iftc producll and 
proprietary IIPPIIcallolll. Dlltrlbutad 
monitoring and ,.,,. dm collection 
systarre. Good b8lllc tllchnology, 
�mitecl iippllcadolll eoftwlr& 
Engineering and manut.:turlng dm 
baae used 10 support llld on produc:la 
currently In producllon; ..W:. 
bulladlll generated �. 

Relllllolllll da a.. MJpport dellgn, 
-. Md llld operdona. � 
billed dm b-. for troubleshoodng 
ualng On-IM COI'\'I'I'I"IiCdolll. 
Dlltrlbulld .-c:hlblctu,. lnkl dllign 
WOibtlillolll and llld Mlpport Aj 
8ylllm. Mand.:turlng Md ITIIintiNinee 
hlllory, ,.,.,.., .... Md drawlngi iiiOrecl 
and upd.-ct dlgltllly--llld updae 
via on-IM comrTIInlcallona. 

Dlltrlbulld llld dm ... for MCh 
customer engineering activity. Data 
bases Integrated Into totai iiiCtory 
system using a common "query" 
language. Automalic generation of 
98fVice data/documentation. Drawings, 
tests, and pllr1S dllla stored and 
lratiSITitted digitally. 
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CURRENT AND FUTURE STATUS OF KEY ELECTRONIC MANUFACTURING TECHNOLOGIES 
(continued) 

STATUS TODAY WITHIN 5 YEARS WITHIN 10 YEARS 

TOTAL SYSTEM INTEGRATION: ALL FUNCTlONS 

29. Total System lnteqratlon (Including SyJttm Adlptlb!IIM 

Many •tsJands" of automation, loosely 
coupled. A few totally Integrated 
operations linking order processing, 
design, manufacturing, shipping, cost 
accounting, and personnel systems 
through coiTVTIOn mainframe data bases. 
Existing system!l mainly for mid-to-high 
volume production. Varies widely from 
company to company and even within the 
same company. 

"Sew'nnees" aystam Integration possible 
through the u�e or distributed dm 
bl888 and high-speed networks. e:m.
gence or c:on1)1ernantary vendor system�. 
Degree or Implementation depends on 
automation throughout fctory. 

HUMAN FACTORS 

30. Training T!cf!noloqlg!procm lnttruetlon 

Computer-based training, automated 
assembly Instruction, and some expert 
systems available. some on-line 
process Instruction, but no effort to 
Integrate activity as part of total 
factory. No training lor the "total 
factory." 

AI customlzecl lr•nlng, tailored 10 
lndlvldu• I'!Mda. On-Une JIT 1r•n1ng 
systema av.Uabla. 

Fully integrated systems avallable 
using distlibuted hardware and data 
bases, with dosed-loop operation and 
Including automated real-time 
statislical process control. Totally 
integrated system Unks component and 
material supplkn and customers with 
plant and provides field test and 
support through on-line communications 
links. 

Most vendor-suppllod equipment and 
systems wid corrlllln on-line llelp and 
just-in-time training. NaUJral and 
graphic languages wi.D be available for 
on-Une •courses." Self-training will 
cover equipment. process, and associ
ated softWare; focus wiD be on both 
operator and problem soMng. 
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APPEN DIX B 

Questionnaire Data 

Table B- 1 . ESSENTIALITY 

Number of Respondents Who 
Rated the Technology 

ESSENTIALITY 
Tech . Absolutely Very Supporting INDEX 
Number Es sent ial Important Technology 

1 4 6 3 2 . 1 5 
2 1 5  2 0 3 . 7 6 
3 9 7 1 2 . 94 
5 14 6 0 3 . 40 
6 1 0  6 0 3 . 25 
7 1 4 1 2 . 00 
8 3 1 0  2 2 . 1 3 
9 4 7 3 2 . 1 4 

1 0  4 4 2 2 . 40 
1 1  8 5 1 3 . oo 
1 2  1 6 2 1 .  7 8  
1 3  2 7 1 2 . 20 
14 1 0  3 1 3 . 29 
1 5  1 2  0 1 3 . 69 
1 6  4 5 1 2 . 60 
1 7  6 6 3 2 . 40 
1 8  6 8 0 2 . 86 
1 9  6 7 1 2 . 7 1 
20 5 4 3 2 . 33 
2 1  9 7 0 3 . 1 3  
2 2  8 6 0 3 . 1 4 
23 8 4 0 3 . 33 
24 5 7 1 2 . 62 
25 1 2  4 0 3 . 50 
26 1 0  3 0 3 . 54 
27 1 3  3 0 3 . 63 
28 8 5 1 3 . 00 
29 1 3  3 0 3 . 63 
30 5 9 1 2 . 53 

7 3  
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Questionnaire Data 

Table B-2 . TECHNICAL AND NONTECHNICAL BARRIERS 

R&D R&D Time/Cost/ CALCULATED 
Tech . Difficulty Performance AVERAGE 

Number (Technical) (Nontechnical) BARRIER 

1 4 . 00 3 . 50 3 . 75 
2 2 . 00 2 . 00 2 . 00 
3 1 . 00 3 . 00 2 . 00 
4 3 . 00 4 . 00 3 . 50 
5 2 . 00 2 . 00 2 . 00 
6 4 . 00 4 . 00 4 . 00 
7 3 . 00 4 . 00 3 . 50 
8 2 . 00 4 . 00 3 . 00 
9 3 . 00 4 . 00 3 . 50 

10 1 . 67 2 . 33 2 . 00 
1 1  2 . 00 2 . 00 2 . 00 
12 1 . 30 2 . 00 1 . 65 
13  1 . 25 1 . 63 1 . 44 
14 3 . 00 4 . 00 3 . 50 
15 3 . 00 3 . 00 3 . 00 
16 2 . 20 3 . 10 2 . 65 
17  3 . 00 3 . 00 3 . 00 
18  1 . 00 2 . 27 1 . 64 
19 3 . 00 3 . 00 3 . 00 
20 3 . 80 3 . 80 3 . 80 
21  1 . 00 1 . 00 1 . 00 
22 1 . 60 2 . 50 2 . 05 
23 2 . 00 2 . 00 2 . 00 
24 0 . 00 0 . 00 0 . 50 
25 0 . 00 1 . 00 0 . 50 
26 2 . 00 2 . 73 2 . 37 
27 1 . 00 2 . 00 1 . 50 
28 1 . 50 2 . 00 1 .  75  
29 2 . 27 2 . 80 2 . 54 
30 1 . 00 1 . 90 1 . 45 
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Questionnaire Data 

Table B-3 . U . S .  NET POSITION 

Lowest Highest AVERAGE 
Estimate of Estimate of U . S .  LEAD 

Tech . U . S .  Lead U . S .  Lead OR LAG 

Number or Lag or Lag ( IN YEARS ) 

1 -5 . 00 5 . 00 2 . 66 
2 0 . 00 10 . 00 4 . 63 
3 -5 . 00 4 . 00 -0 . 45 
4 -5 . 00 3 . 00 1 . 00 
5 - 1 . 50 1 0 . 00 6 . 00 
6 - 3 . 00 4 . 00 3 . 25 
7 -2 . 00 5 . 00 3 . 25 
8 - 1 . 00 7 . 00 3 . 00 
9 -5 . 00 5 . 00 3 . 00 

10 1 . 00 7 . 00 3 . 67 
1 1  0 . 00 5 . 00 4 . 00 
12 1 . 00 5 . 00 2 . 75 
13  0 . 00 10 . 00 4 . 25 
14 2 . 00 3 . 00 2 . 20 
15 -5 . 00 3 . 00 1 .  75 
16 1 . 00 2 . 00 1 . 50 
17  -5 . 00 3 . 00 2 . 00 
1 8  -7 . 00 0 . 00 -4 . 10 
19 - 10 . 00 - 1 . 00 -4 . 70 
20 - 3 . 00 -2 . 00 -2 . 50 
21 -5 . 00 4 . 00 -1 . 17 
22 - 5 . 00 2 . 00 -2 . 80 
23 -5 . 50 - 1 . 00 -4 . 50 
24 - 5 . 00 -2 . 00 -2 . 50 
25 - 5 . 00 5 . 00 -0 . 38 
26 -3 . 00 4 . 00 1 . 25 
27 -5 . 00 5 . 00 0 . 67 
28 - 1 . 00 5 . 00 1 . 00 
29 -3 . 00 5 . 00 -0 . 39 
30 - 5 . 00 6 . 00 -0 . 75 
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Questionnaire Data 

Table B- 4 . CRITICALITY INDEX 

Tech . U . S .  Net Average 
Number Pos ition Barrier Essentiality CRITICALITY 

1 2 . 66 3 . 7 5 2 . 1 5  8 . 08 
2 4 . 6 3 2 . 00 3 � 7 6 3 . 76 
3 -0 . 45 2 . 00 2 . 94 1 1 . 76 
4 1 . 00 3 . 50 2 . 80 9 . 80 
5 6 . 00 2 . 00 3 . 40 3 . 40 
6 3 . 25 4 . 00 3 . 25 6 . 50 
7 3 . 25 3 . 50 2 . 00 3 . 50 
8 3 . 00 3 . 00 2 . 1 3 3 . 20 
9 3 . 00 3 . 50 2 . 14 3 . 7 5 

1 0  3 . 6 7 2 . 00 2 . 40 2 . 40 
1 1  4 . 00 2 . 00 3 . 00 3 . 00 
1 2  2 . 75 1 . 65 1 .  78 2 . 93 
1 3  4 . 25 1 . 44 2 . 20 1 . 58 
14 2 . 20 3 . 50 3 . 29 1 1 . 50 
1 5  1 .  7 5  3 . 00 3 . 69 1 1 . 08 
1 6  1 . 50 2 . 65 2 . 60 6 . 89 
1 7  2 . 00 3 . 00 2 . 40 7 . 20 
1 8  -4 . 1 0 1 . 64 2 . 86 1 8 . 69 
1 9  -4 . 70 3 . 00 2 .  7 1  32 . 57 
20 -2 . 50 3 . 80 2 . 33 26 . 60 
2 1  - 1 . 1 7 1 . 00 3 . 1 3 9 . 38 
22 - 2 . 80 2 . 05 3 . 14 1 9 . 33 
23 -4 . 50 2 . 00 3 . 33 26 . 67 
24 - 2 . 50 0 . 50 2 . 62 3 . 92 
25 -0 . 38 0 . 50 3 . 50 3 . 50 
26 1 . 25 2 . 37 3 . 54 8 . 3 7 
2 7  0 . 6 7 1 . 50 3 . 6 3 1 0 . 88 
28 1 . 00 1 .  7 5  3 . 00 5 . 25 .  
29 -0 . 39 2 . 54 3 . 63 1 8 . 3 8 
30 - 0 . 7 5  1 . 45 2 . 53 7 . 35 
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Appendix C 

R" D SUMMARY 

This Appendix l ists the companies, universities, and 
other organizations that questionnaire respondents cited 
a s  leaders  in resea rch and development .  The l i st  
reflects  their  jud gment;  exclusion from the l ist  does 
imply that the organization is not an R&D leader, and 
inclusion does not imply the endorsement of the Panel on 
Strategic Electronics Manufacturing Technologies. 

DESIGN AUTOMATION TOOLS 

Air Force Materials  Laboratory, Apol lo, Applicon, 
AT&T, Boothroyd Dewhurst, Brigham Young, Calma, Carnegie 
Mel l o n ,  Ce d n e t i x ,  C I S-Tou l o u s e ,  C o m p u t e r - x ,  Dai sy ,  
Digital Equipment, ECAD, Ford, Fujitsu, Futurnet, General 
Motors,  Georgia  Tech, Hitachi ,  Hewlett-Packard, IBM, 
Industrial Technology Institute, Intel, Kyoto U., Makino, 
McDonnell-Douglas, Mentor Graphics, MIT, Motorola, NCA, 
NCR, NEC, NTT, Philips, Rensselaer Polytechnic Institute, 
SCI Systems, SDL, Si l icon Graphics,  Si lvar-Lisco, SSI, 
S t a n f o r d ,  STI,  S u n  Microsystems,  Texas  Ins t rumen ts,  
Toshiba, UC-Berkeley, UCLA, U. Illinois, U. Maryland, U. 
Michigan, U. Rhode Island, U. Texas, U. Waterloo, Valid 
Logic 

COMPUTER CAPABILITY 

Advan test,  A pollo,  Apple,  AT&T, Boeing, Carnegie 
Mel lon,  CNRS-Toulouse ,  Control  Data,  Cra y, Defense 
Advanced Research Projects Agency, Digital Equipment, 
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ETA, Ford, Fujitsu, Generad, General Motors, Hewlett
Packard,  IBM, I n te l ,  I n t e r g r a p h ics,  MCC, McDo nnel l 
Douglas, MIT, Motorola, NCR, North Carolina State, Prime, 
R i t a  E l e c t r o n ics ,  S e a t t l e  S i l i c o n, S e m a tech ,  S e n t r y ,  
Si licon Compiler Systems, Stanford, Sun Microsystems, 
Tail EDA, UC-Berkeley, UCLA, U. Illinois, U. Michigan, 
University of Southern California 

ARTIFICIAL INTELLIGENCE TOOLS 

Air Force Materials Laboratory, Angol, Arizona State, 
AT&T, Bell  La bs, Cambridge, Carnegie Mel lon, CNAS, 
C o n s o r t i u m  on A I ,  Digi tal  Eq u i p me n t ,  Fuj i t su ,  GE,  
Hewlett-Packard, IBM, McDonnell-Douglas, MIT, Mitsubishi, 
National Bureau of Standards, Naval Research Labs, NEC, 
Purdue, Rockwell, Rutgers, SEI Corporation, Stanford, Sun 
Microsystems, S ymbol ics, Syracuse U., Tektronix, Tera
dyne, Texas Instruments, Tokyo U., Toshiba, UC-Berkeley, 
U. Illinois, U. Maryland, U. Massachusetts, U. Michigan, 
U. P e n n s y l v a n i a ,  U n i v e r s i t y  of Southern  C a l i f o r n ia ,  
Xerox, Yale U. 

DATA BASE TECHNOLOGIES 

Advanced Manufacturing Inc. (AMI), Allied Bendix, 
AT&T, Boei ng, Brigham Young, Control Data, Digital  
Equipment, DPGM, Generad, General Dynamics, Grumman, 
H e w l e t t - P a c k a rd ,  H o n e y w e l l , I B M, I n i t i a l  Gr a p h i�s  
Exchange Specification, Kodak, LSI Logic Corporation, 
McD o n n e l l -Dou glas ,  Mic roSoft ,  MIT, Oracle ,  P rogress,  
Purdue, Rockwell, Schlumberger, Stanford, Sun Microsys
tems, Tektronix, U. Connecticut, U. Florida, U. Illinois, 
U. Maryland, University of Southern California 

MODELING AND SIMULATION 

Analogy Inc., Arizona State U., AT&T, Autosimulation 
Inc., Auto Simulators Inc., Boothroyd Dewhurst, Brigham 
Young U., CACI, CADRE Technologies, Carnegie Group, 
Carnegie Mellon, Clemson, Computervision, Control Data, 
Cornell, Daisy, Digital Equipment, Eaton, Eden, Factrol 
I nc . ,  F o r d ,  GCA,  Gen e r a l  E l e c t r i c, Genera l Mo tors ,  
H a r v a r d ,  H H P  S y s t e m s ,  IBM (e s p e c i a l l y  Le x i n g t o n  
f a c i l i t y ) ,  I n t e l ,  l n t e l i c o r p ,  l n t er G r a p h  C o r p o r a t i o n ,  
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Martin Marietta, Mattei, McDonnell-Douglas, Metha, Metro 
Graphics, MIT, Motorola, National Bureau of Stansfards� 
North Carolina State, Northern Telecom, Penn State U., 
Perkin Elmer, Pritsker & Associates, Purdue, Santa Clara 
Univ., Siemens, System Modeling, Tektronix, Therin Co., 
Te xas Instru men ts, Tylan, U. California, U. Maryland, 
U. Michigan, U. North Carolina, U. Arizona, U. Illinois, 
U. Texas, Varian, Westinghouse, Xerox, ZYCAD 

AUTOMATED STATISTICAL PROCESS CONTROL 

Allen-Bradley, AT&T, Bell Labs, Chrysler, Datamyte, 
Fujitsu, General Motors, Hewlett-Packard, IBM, Lockheed, 
Ma t t e i ,  Ma t s u s h i t a ,  Mi t s u b i s h i ,  P u r d u e ,  3 M, T e x a s  
Instruments, Toyota, TRW, U. Arizona, Westinghouse 

COMPONENT MOUNTING AND CONNECTION 

Arizona State, AT&T, Bell Labs, Boothroyd Dewhurst, 
Cra y,  D i g i t a l  E q u i pment ,  ETA, Fuji ts u - A md a h l ,  GE, 
H i tachi,  IBM, Intel ,  Lock heed, Ma tsushita,  Mitsubishi ,  
Mot orola,  Phi l ips, Rockwel l, UC-Santa Barbara,  Texas 
Instruments, U.  Rhode Island 

FABRICATION, ASSEMBLY, AND TEST 

Adept Inc., AT&T, Carnegie Mellon, Chrysler, CIMLINC, 
Cincinnati  Mi lacron,  Digital Equipment, Fanuc, Fraun
hoffer Institutes, GMF Robot ics, Hewlett-Packard, IBM, 
I n t e l i d e x  I n c. ,  Kearney  and Trecker,  Komatsu,  MIT, 
Mi tsubishi ,  Mo toro la ,  N a t i on a l  B u r e a u  of S t a n d a r ds ,  
P u r d u e ,  S i e m e n s ,  S t e e l c a s e ,  T o k y o  I n s t i t u t e  o f  
Tec hnology ,  Tok y o  U. ,  Toyota ,  U n i m at ion,  UC-Santa  
Barbara, U.  of  Kyoto, U.  of Osaka, Wasebo U,  Yamaha 

FACTORY SYSTEM TECHNOLOGY 

Allen Bradley, Amdahl, Apollo, Applitek, ASEA, AT&T, 
Autotrol, Bell Labs, BNN, Boeing, BOSI, Bridge Communi
cation,  Ca rnegie Mellon, Chrysler, Cincinnati Milacron, 
CNRS (France), Codex, Computervision, Computerex, Concord 
Data, COS, David Systems, Digital Equipment, Ericsson, 
Fanuc, Fiat, Ford, Fujitsu, GE, General Motors, Geokeio 
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U. (Japan),  Georgia Tech, Gould,  Hitachi,  Honeywell, 
Hewlett-Packard, IBM, ICC Industr ies, ICL, I ndustrial  
Technology Institute, INI, INRIA of France, ISO Commit
tees, Kodak, Lehigh U., MAP/TOP Users Group, McDonnell
Douglas, MicroSoft, MIT, Motorola, National Bureau of 
S ta n d a rd s ,  OSI ,  P r o d u c t  Def i n i t i on Data I nterface,  
Protean, Purdue, Rensselaer Polytechnic Institute, SBAG, 
S c h l u m b e r g e r ,  S c i e n t i f i c  A t l a n t a ,  S t a n f o rd ,  S y t e x ,  
Tandem, Technical Union (VMI), Technical U. o f  Vienna, 
Telecom Systems Development, Texas Instruments, TRW, 
Ungerman-Bass, U. of Michigan, U. of Victoria (Canada), 
U. of Wa t e r l o o ,  Un ivers i ty  of Southe r n  C a l i f o r n i a ,  
Westinghouse 

TRAINING TECHNOLOGIES 

Apple, Boeing,  Arizona State U., Carnegie Mellon, 
Computer-Aided Manufacturing - International, Chrysler, 
Digital  E q u i pme n t ,  Ford,  General  Dynamics, General 
Motors, Hewlett-Packard, IBM, Ingersoll Milling Machine, 
Purdue, UC-Santa Barbara, Texas Instruments, Toyota, 
Xerox 
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Appendix C 

RltO SUMMARY 

This Ap�ndix lists the companies, univenitlu, and 
other oraaniutions that qucstioon�ire re:spondentt cited 
as leaders io research and dcvelopme.nt. The liu 
reflects their judament; exclusion from the lh.t does 
imply that the oraaoitation is not an R&D leader, and 
inclusion does not imply the endorsement of the Panel on 
Strategic Electronics Manuhcturina Tcchnoloaies. 

DESIGN AUTOMATION TOOLS 

Air Force Materials Laboratory, Apollo, Applicon, 
AT&T, Boothroyd Dewhur-st, Brigham Youna. CatmJ., Caroeaic 
Mellon, Ccdnetix, CIS-Toulousc, Computcr·x, Daily, 
Diaittl Equipment, ECAD, Ford, Fujitsu, Futurnct, Ccner�l 
Motors, Georaia Tech, Hitachi, Hewlett-Packard, IBM, 
lndultritl Technoloay lnstinue, Intel, Kyoto U., M:t.kino, 
McOonncli·Douataa, Mentor Graphics. MJT, Mo�orola., NCA. 
NCR. NEC, NTT, Philips, Rensselaer Poly•echnic lftStitute, 
SCI Syscems, SDL, Silicon Graphics. Silvar·Lisco, SSI, 
Sta.ft(Ord, STI, Sun Microsyuems, Texas rnstrumcnu, 
Toshiba, UC.Berkcley, UCLA, U. Ulioois, U. Mar-yland, V. 
M.ichiaan, U. Rhode Island, U. Texu, U. Waterloo, Valid 
Loaic 

COMPUTElt CAPABILITY 

Advantesl, Apollo, App1e. AT&T, Boeing, Carnegie 
Mellon, CNRS·Toulousc, Control O:ua, Cra.y, Dcreose 
Advanced Research Projects Aacney. Digital Equipment, 
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E:T A, Ford, Fujittu, Oencrad, Oencral Motors, Hewlett· 
Packard, IBM, Intel, tnteraraph ies, MCC, McDonnell· 
Doualas, MIT, Motorola, NCR, North Carolina State, Prime, 
Rita Electronics, Seattle Silicoa, Sematech, Seacry, 
Silicon Compiler Syuems. Staaford, Sun Microsystems, 
Tail EDA, UC·Berkeley, UCLA, U. Illinois, U. Michiaan, 
University or Southern Califoroia 

ARTIFICIAL INTELLIGENCe TOOLS 

Air Force Materials LabOratory, Aoaol, Aritona Slate, 
AT&T, Bell Labs, Cambridae. Carneaie Mellon, CNAS, 
CoruorHum on AI, Diaital EQuipment, Fujiuu, OE, 
Hewlett•Packard, IBM, McDonneii•Doualu, MIT, M.imlbishi, 
National Bureau of Standards, Naval Research Labs, NEC, 
Purdue, Rockwell, Rutaen. SEI Corporacion, Staaford, Sun 
Microsyttemt, Symbolic•. Sy racuse U., Tektronix, Tera
dyoe, Texas lnurume&U$, Tokyo U., Toshibl, UC-Berkeley, 
U. lllil'lois, U. Maryl.and, U. Masuehuu.us, U. Michiaan, 
U. Penasylvania, University of Southern California, 

Xerox, Yale U. 

OAT A BASE TECHNOLOGIES 

Advanced Manufaeturina Inc. (AMI), Allied Bendix, 
AT&.T, Boeina. Briaham Young, Control Data, Digital 
Equipment, DPGM. Generad, Geoeral Dynamics, Grum.man, 
Hewlett-Packard, Honeywell, IBM, Initial Graphics 
Excbanae Specification, Kodak, LSI Logic Corporacion, 
McDonneli-Doualas, MicroSoft, MIT, Oracle, Progress, 
Purdue, Rockwell, Schlumberaer, Stanford., Suo Microsys
tems, Tektronix, U. Conneecicut, U. Florida, U. lllioois, 
U. Maryland, Uolversity of Southern Cali�ornia 

MODELING AND SIMULATION 

Ana.logy Inc .. Arizona State U., AT&T, Autosimul:uion 
Inc., Auto Simulators Inc., Boothroyd Dewhurst, Briaham 
Youna U.., CACI, CADRE Technologies, Carnegie Croup, 
Carncaie Mellon, Clemson, Compucervision, Corurol Data, 
Cornell, Daisy, Digital Equipment, Eaton. Eden, Facuol 
Inc., Ford, GCA. General EJectric, General Motors, 
Harvard, HHP Systems, IBM (especially Lexincton 
facility), Intel, lntelicorp, lnterGraph Corporation, 
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Mlrtl• ,.,&etta. Maud. Nd)Oe.atU·DMatu. Mct.b. Metro 
Onplakl. MJT • ..,.otob.. NatiouJ l.,u• et Sca.ltlbrda. 
f'oiN11a C.rol1.. Su-tc.. NCJftK:n Tctcc.e. P'Ua State U� 
P'c..rllle D-.r. hltstu A Auodau:a.. hrd•c. S.•ta Oara 
Uah•.. Slt.c•t. SJ'ka Modeliq,. TdttrMI._ nc:ria � 
Tuu lauraautt. TJb..o, U. CaUforala, U. Maryta..S., 
U. Michlpa. U. Non.b Caroliu.. U. Arlaoaa, U. llli:Doil., 
U. Tun, Varlaa, Wutlnahou.se. Xcroa, Z.YCAD 

AUTOMATID STATISTICAL PROCIISS CONTROL 

Allta•lndtty, AT&T, Bell Labt, CIHytltr, Dt.tamyte. 
Fyjluw. Oe�cral Menon., Hewlcu-Paclllrd. liM. Lockh.ee<l. 
Mau•l. Mauullila, Mit.nbhllll. Pardtt. JM. Tens 
wm•••ta. T.,ou.. nw. u. Arizou. watl•a*-"' 

COMPOHtH\' MOIJNTUIC AHD COI<I<tCTIOH 

ArlrMI Stale., ATAT. 8d1 Labt. 8ooU�.royd Dtwlll•nt.. 
Cuy. Dl1h1l Eq•ipmea1, ETA. F•Jitn•Aadalll, GE. 
Hhac•l, 18M, laccJ, Lod:hccd, Mauu1hln, MluubisiU., 
Motorola, Philips. Ro�;kwcll, UC•Siftll Btrbua, Tcus 
Jn.tuumccm, U. Rhode hlud 

rA&aiCATION, ASSEMBLY, AND TIST 

Adept IU.. ATAT, Ca..rcc1ic Mclloa. Cluytlcr, CIMLINC.. 
Cladantl Milanoa, Dia.ital E.Q•ifiMDI. '•••e. Fr-no· 
a.orru luth••u. G.MF Robotics. Hc•lctt•fackard. IBM. 
laulldu lac-. Kc:araey ud Trcctcr. Ko•.ana, MIT. 
Min•t.h•t. Motorola. Natio .. 1 8•rca• of' Studard.s. 
f•rdac, Slc•e••· Stcelcau, Totyo l a  .. in•� of 
Tcca.aolou. Totyo u.. Toyota. U•l•atloa, UC.S.au 
.. rbtn. U • .t KyotO. U. of Osaka. tl'ucbo U. va .. a.a 

PACTORY SYST'EM T&CIINOLOOY 

AlitA Oradloy, Amdahl, Apollo, Applhok, ASEA, AT&T, 
Autotrol, 8tll Labs, BNN, Boci.na. 00$1, Orldac Communi· 
catloa, Cunaalc Mclloo, Chrysler. Clnclnoaal Milacroo. 
CN AS <'rucc). Codu . • ComputcrvbJoa. Compt,utru. Coacord 
Dati, COS, Ouid Systeas. Oiahal EQalp .. at. Eric:sso:m. 
FaaK. Flat. Ford. Fojits11o G£. Gucral Motort.. Gcolr;cio 
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U. (JapaD), Oeoraia Tech, Oould, Hitachi, Hoocywell, 
HewlcU-Packud, IBM, ICC lodustries, ICL, Industrial 
Tochaoloay lastitutc-, INI, INRIA of Fra.ace, ISO Commit· 
tees. Kodak, Lehi&h u .. MAP/TOP Users Group, McDonnell· 
Dou.alu, MicroSoft, MIT, Motorola, National Bureau of 
Standards, OSJ, Product Oefinitioo Data Interface, 
Prot�o. Purdue, Rensselaer Polytechnic Institute, SBAG, 
Schlumbcraer, Scientific Arlanta, Stadord, Sytex, 
Tandem, Tcchaical Union (VMI), Tcch.aical U. of Vienna, 
Telecom Syatcms Development, Texas Instruments, TRW, 
Unaerman-Bau, U. of Michipn.. U. of Victoria (Canada), 
U. of Waterloo, University of Southern California, 
Wcstiqhouae 

TRAINING TECHNOLOGIES 

Apple, Bociaa, Arizooa State U., Carocaic Mellon, 
Computer-Aided MaDufaccuriaa • lnterna�ional, Chrysler, 
Diaital Equipment, Ford, Ocacral Dyoamies, General 
Motors, Hewtcu-Paekud, IBM, lnaenoll M.iliJna Machine. 
Purdue, UC-Santa Barbara, Tu.u lnurumcncs, Toyota, 
Xerox 
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